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Fbnnariy  rrofowor  of  Natonl  FtuloMphy  and  Aftronouijr  m  Vntnnlitj  CoDaffS,  I 

lUs  TaluaUe  work  if  now  eompleta,  eoiuifting  of  three  mtIm  or  wxxnm,  m  I 
FIB8T  00UB8B 

Meetanicsy  Hydrostatics,  Hydraulics,  Pnenaiatics,  Son 

Optics. 

In  one  large  rojel  12mo.  Tolame,  of  760  pogee,  with  4M  lllu 

8S0OND  OOT7B8B. 

tteaty  Magaetisnif  Commoii  Electricity)  and  Voltaic 

In  one  Tolnme^  royal  12mo.,  of  460  pagee,  with  244  llluetratlonB. 

THIRD  00UB8B. 

Astronoviy  and  Meteor<dogy« 

In  one  T^nne^  rojal  12mo^  of  netrly  800  pegee,  with  87  platea  and  orer  900  i 


Theee  Tolnmee  ean  he  had  either  eeparately  or  In  nnilbrm  aeti,  eontaining  1 
two  thonaand  pegea,  with  nearly  one  tnonaand  illnstrationa,  on  wood  and  atei' 
modate  thoee  who  deaire  aeparate  treatiflea  on  the  leading  departmenta  of  Nal 
phy,  the  Ilrat  Oonrae  may  alio  be  had  dlTided  In  three  porttona,  aa  Ibllowa: 

Part  L— MBOHANIOS. 
«  IL— HTDB0SIATIC8,  HTDKAULIOB,  VXfMUMATlOB,  ARS  SOUin). 

«in.--opnG8. 

It  win  thna  he  aeen  that  thla  work  ftamlahea  either  a  eomplete  eonrae  of  I 
theae  aaldeeta,  or  aeparate  treatiaea  on  all  the  different  branchea  of  Natural  i 

Vrom  among  a  raat  nnmber  of  reoommendatory  notloea  the  pnbUahen  anh 

One  of  the  beat  popular  adentillo  worici  that  baa  yet  appeared.— AvtM/onnial  tfi 

Notbtag  eonU  be  better  for  the  porpoeee  intended.— Urtluk  Qmrtertg  Raim. 

The  "  FInt  CoarM"  of  Natnnd  Fhiloaopby  baa  been  already  notioed  by  na.  The  *  S 
equal  pniM.  Dr.  Lardn«T*h  profeasional  abiiitiee  are  well  known  in  oar  ooUesee  and  ac  _ 
it  ie  a  gwkt  felicity  to  have,  from  euch  a  aouroe.  oompletn  eaientific  mannala.  Tbeae  baal 
preparad  witb  a  direct  view  to  the  wanla  of  tboee  wbo  wieh  to  obtain  a  knowledfe  of  phyr*' 
without  ninate  mathematical  detaila.  While  thai  doee  not  impair  tbe  worlc  Ibr  the  a  "^ 
it  within  the  reach  of  tbe  leae  faroured,  but  more  aapiring  claewe  of  the  oommonity ; 
lent  exercise  o(  elerated  talent  cannot  be  imagiDed.— SmiM.  Udhod.  QnarL  Revitm. 

This  "  Hand-Book."  then,  ia  an  honeat  addition  to  our  acientiac  liCeratare.    It  ia  not  I 
dnction  of  a  maa  who  baa  been  ekimming  the  anrlace  of  the  pool,  and  fluaerioc  tbe  hen 
ntent,  but  the  matured  production  of  an  aocompliabed  mathematioan,  who  baa  oevoCed  li 
atndy  of  phynoi,  who  baa  aoared  high  and  dired  deep,  who  baa  trtTeraed  the  roniii  c  * 

tbe  amooth,  and  than  whom  there  can  be  no  aafcr  and  more  intelligent  guide  t^ 

patha  which  belong  to  popular  aeienee.— Louden  Zitcrory  Oeacflc. 

The  author,  celebrated  for  hla  ekill  and  learning  In  Pbyaioal  and  Meehaaloal  Scienee,  h 
Ihia  woric  for  **  the  eatiafaotion  of  thoee  who  deaire  to  obtain  a  kaowladge  of  the  a* 


without  purmiing  tbem  through  their  mathematiaal  eonaequenoee  and  detaila.''  On  a  c  ^  _ 
nation,  we  ehould  think  tbia  toIubm  admirably  auited  to  carry  out  the  autbor*a  intentiooa.! 
dplee  are  ataled  in  pradae  and  teiae  langnagetaad  the  flloatratioaa  are  happily  i^vaa.— if! 
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AUTHOR'S  PREFACE. 


To  flopiily  the  means  of  aoqniriiig  a  competent  knowledge  of  the 
Ktliodi  aad  resolta  of  the  physical  sciences,  without  any  unusnal 
uquamtukoe  widi  mathematics^  has  heen  the  purpose  of  the  Author 
in  the  eooposition  of  this  series  of  treatises.  The  methods  of  de- 
nKUtiatum  and  iUustration  have  been  adopted  with  this  yiew.  It 
B,  bowever,  ndther  possible  nor  desirable  inyariably  to  exclude  the 
use  of  mathemalical  s^/mhoU. 

Sme  of  these,  expressing  mere  arithmetical  operations  effected 
«poii  nmnberB,  are  easily  understood  by  all  persons  to  whom  such  a 
vark  as  the  present  is  addressed,  and,  as  they  express  in  many  cases 
^e  lehtions  of  quantities  and  the  laws  which  goyem  them  with 
gnater  brerity  and  deamess  than  ordinary  language,  to  exclude  the 
^  of  them  altogether  would  be  to  deprive  the  reader  of  one  of 
^  most  powerful  aids  to  the  comprehension  of  the  laws  of  nature. 

Nerertheless  such  symbols  are  used  sparingly,  and  never  without 
u&l^  explanation  of  their  signification.  The  principles  of  the 
scKBees  are  in  the  main  developed  and  demonstrated  in  ordinary  and 
P'P^  language.  The  series  has  been  compiled  with  the  view  of 
xfoding  ^t  amount  of  information  on  the  several  subjects  com- 
P^  in  it  which  is  demanded  by  the  student  in  law  and  in  medi- 
^  by  the  engineer  and  artisan,  by  the  superior  classes  in  schools, 
^  by  those  who,  having  already  entered  on  the  active  business  of 
^  tte  still  dedrous  to  sustain  and  extend  their  knowledge  of  the 
g^ii^  troths  of  physics,  and  of  those  laws  by  which  the  order  and 
itibOxty  of  the  material  world  are  maintained. 

^  is  well  known  that  many  students  who  enter  the  Universities 

m.  1  (vii) 
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pass  through  them  without  aoquiring  even  so  much  as  a  superficial 
knowledge  of  geometry  and  algebra.  To  all  such  persons  mathe- 
matical treatises  on  physics  and  astronomy  must  be  sealed  books. 
They  may,  however,  by  these  volumes  acquire  with  great  facility  a 
oondderable  acquaintance  with  these  sciences ;  and  although  such 
knowledge  be  not  in  all  cases  based  on  ngorous  mathematical  de- 
monstration, it  is  founded  on  reasoning  sufficiently  satisfactory  and 
conclusive. 

Great  pains  have  been  taken  to  render  the  present  series  complete 
in  all  respects,  and  as  nearly  co-extensive  with  the  actual  state  of 
the  sciences  as  the  objects  to  which  it  is  directed  admit.  Each  of 
the  classes  of  readers  for  whose  more  especial  use  it  is  designed 
will  doubtless  find  in  it  something  which,  for  their  purpose,  is  su- 
perfluous ;  but  it  must  be  considered  that  the  parts  which  are  thus 
superfluous  for  one  are  precisely  those  which  are  most  essential  for 
another.  It  is  hoped  that  no  student  will  find  that  anything  im- 
portant for  his  objects  has  been  omitted. 

The  rapid  succession  of  discoveries  by  which  astronomy  has  of 
late  years  been  extended,  has  rendered  elementary  works  in  that 
science  previously  published  to  a  certain  extent  obsolete,  while  the 
increasing  taste  for  its  cultivation  and  the  multiplication  of  private 
observatories  and  amateur  observers,  have  created  a  demand  for 
treatises  upon  it  which,  without  being  less  elementary  in  their  style, 
shall  comprise  a  greater  amount  of  that  vast  mass  of  knowledge 
which  has  hitherto  been  shut  up  in  the  transactions  of  learned  socie- 
ties and  other  forms  of  publication  equally  inaccessible  to  the 
student  and  aspirant 

A  large  space  has  therefore  been  assigned  to  this  science  in  the 
present  series.  The  results  of  the  researches  of  original  inquirers 
and  of  the  labour  of  observers  have  been  carefully  reviewed,  and 
large  selections  made  from  them  are  now  for  the  first  time  presented 
to  the  student  in  an  elementary  form.  In  cases  where  the  subject 
required  for  its  better  elucidation  graphic  illustrations,  and  where 
such  representations  could  be  obtained  from  original  and  authentic 
sources,  they  have  been  unsparingly  supplied. 

As  examples  of  this,  we  may  refer  among  the  planetary  objects 
to  the  beautiful  delineations  of  the  Moon  and  Mars  by  MM.  Beer 
and  Madler,  those  of  Jupiter  by  MM.  Midler  and  Herschel,  and 
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thoae  of  Sttarn  by  MM.  Dawes  and  Schmidt;  among  eometaiy 
objeoto  to  the  magnificent  drawings  of  Enckes  comet  by  Strave, 
and  those  of  Halley's  comet  by  MM.  Strave^  Maclear,  and  Smith ; 
sod  among  stellar  objects  to  the  splendid  selectiofi  of  stellar  dusters 
and  nebulas  which  are  reproduced  from  the  originab  of  the  Earl  of 
Rosse  and  Sir  John  Hersehel.  In  fine^  among  the  illnstrations 
DOW  produced  for  the  first  time  in  an  elementary  work,  the  remark- 
able drawings  of  solar  spots  by  Pastorff  and  Capooci  ought  not  to 
be  passed  without  notice. 

To  have  entered  into  the  details  of  the  business  of  the  observa- 
tory, beyond  those  explanations  which  are  necessary  and  sufficient 
to  give  the  reader  a  general  notion  of  the  processes  by  which  the 
principal  astronomical  data  are  obtained,  would  not  have  been  com- 
patible with  the  popular  character  and  limited  dimensions  of  such 
a  treatise  as  the  present 

It  haS|  nevertheless^  been  thought  advisable  to  append  to  this 
volome  a  short  notice  of  the  most  remarkable  instruments  of  ob- 
serratbn,  accompanied  by  well  executed  drawings  of  them,  the 
originals  for  some  of  which  have  been  either  supplied  by  or  made 
under  the  superintendence  of  the  eminent  astronomers  under  whose 
direction  the  instruments  are  placed. 

In  the  composition  of  this  part  of  the  series,  it  has  been  the 
good  fortune  of  the  author  to  detect  several  errors  of  considerable 
importance  which  have  been  hitherto  almost  universally  disseminated 
in  elementary  works  and  under  the  authority  of  the  most  eminent 
names.  Several  examples  of  this  will  be  noticed  by  the  reader, 
among  which  we  may  refer  more  particularly  to  the  Uranography 
of  Saturn,  a  subject  which  has  been  hitherto  completely  misappre- 
bended,  phenomena  being  described  as  manifested  on  that  planet 
wbich  are  demonstrably  impossible.*  The  correction  of  other  errors 
less  striking,  though  of  great  scientific  importance,  will  be  found  in 
&e  chapter  on  Perturbations,  and  in  other  parts  of  the  treatise. 

This  series  of  elementary  treatises  consists  of  three  courses,  which 
are  saleable  separately,  and  are  as  independent  each  of  the  others  as 
the  nature  of  the  subject  allows. 

*  See  a  Memoir,  by  the  Author,  on  the  Uranography  of  Satom,  in  Vol. 
XXIL  of  th«  Memoirs  of  the  Boyal  Astronomical  Society,  London,  Sept 
18». 
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The  first  oonne  consists  of  Meehanios — ^Hydrostatios — ^Hydraulics 
—Pneumatics — Sound  and  Optics ;  the  second  of  Heat — 'Common 
Electricity — Magnetism  and  Voltaic  Electricity;  and  the  third  of 
Meteorology  and  Astronomy. 

The  Index  which  is  g^ven  in  the  present  TolnmC;  and  which  will 
be  found  extremely  copious  and  useful  for  the  puposes  of  general 
reference,  is  intended  to  serve  in  common  for  all  the  three  courses. 
The  references  in  it  are  made  to  the  numbers  of  the  paragraphs^ 
and  not  to  those  of  the  pages,  and  it  will  be  found  convenient  to 
observe  that  the  first  paragraph  of  the  second  course  is  1804,  and 
that  of  the  third  2160.  The  paragraphs  being  numbered  oontinii- 
ously  throughout  the  three  courses,  it  has  not  been  necessary  in  the 
Index  to  make  any  reference  to  the  courses  or  volumes. 

It  will  be  found  that  this  Index,  combined  with  the  analytical 
Table  of  Contents,  will  give  to  the  entire  series  all  the  usefulness 
of  a  compendious  Encydopsddia  of  Natural  Philosophy  and  ib- 
tronomy. 
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CHAPTER  I. 

TERRESTRIAL  HEAT. 

21G0.  Lumfficiency  of  thermal  obtervaitaM,  —  To  ascertain  the 
kwB  iriiieh  regulate  the  diBtribatioii  of  heat  and  the  periodical  vioia- 
Btadea  of  temperatore  on  and  below  the  snrfiEuse  of  the  earth  and  in 
the  Bsperior  strata  of  the  atmosphere,  is  a  problem  of  which  the 
compMe  solation  would  require  a  collection  of  exact  thermal  obser- 
nUiooay  made  not  only  in  every  part  of  the  earth,  but  for  a  long 
B^ies  of  years,  not  to  say  ages.  Experimental  research  has  not  yet 
supplied  such  data.  Observations  on  temperature  made  at  periods 
even  so  recent  as  those  within  which  physical  science  has  been  culti- 
vated with  more  or  less  ardour  and  success,  were  in  general  scattered 
and  unocmnected,  and  marked  neither  by  system  nor  precision.  It 
ma  oaly  aiDce  the  oommenceQient  of  the  present  century  that  obser- 
JtJ&aoB  ca  terrestrial  heat  were  accumulated  in  sufficient  quantity, 
and  direetedwith  the  skill  and  precision  indispensable  to  render  them 
the  aomoe  from  which  the  laws  of  temperature  could  be  evolved. 
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The  experiments  and  observfttions  of  Humboldt,  and  the  profoand 
theoretical  researches  of  Fourier  and  Laplace,  supplied  at  once  the 
nucleus  of  our  present  knowledge  in  this  department  of  phjsics, 
and  gave  an  impulse  to  enquiry,  by  which  others  have  been  carried 
forward  and  guided;  so  that  if  we  do  not  yet  possess  all  the  data 
which  sufficiently  extended  and  long-continued  observation  and  ex- 
periment might  afford,  enough  has  at  least  been  done  to  establish 
with  certainty  some  general  laws  which  prevail  in  the  physics  of 
heat,  and  to  shadow  forth  others  which  future  enquirers  will  confirm 
or  modify. 

2161.  Local  variations  of  temperature,  —  The  superficial  tempe- 
rature of  the  earth  varies  with  the  latitude,  gradually  decreasing  in 
proceeding  from  the  equator  towards  the  poles. 

It  also  varies  with  the  elevation  of  the  point  of  observation,  de- 
creasing in  proceeding  to  heights  above  the  level  of  the  sea,  and 
varying  according  to  certain  conditions  below  that  level,  but  in  all 
cases  increasing  gradually  for  all  depths  below  a  certain  stratum,  at 
which  the  temperature  is  invariable. 

At  a  given  latitude  and  a  given  elevation  the  temperature  varies 
with  the  character  of  the  surface,  according  as  the  place  of  obser- 
vation is  on  sea  or  land ;  and  if  on  land,  according  to  the  nature, 
productions,  or  condition  of  the  soil,  and  the  accidents  of  the  surface, 
such  as  its  inclination  or  aspect. 

2162.  Diurnal  tJiertnometric  period, — At  a  given  place  the  tem- 
perature undergoes  two  principal  periodic  variations,  diurnal  and 
annual. 

The  temperature  falling  to  a  minimum  at  a  certain  moment  near 
sunrise,  augments  until  it  attains  a  maximum,  at  a  certain  moment 
after  the  sun  has  passed  the  meridian.  The  temperature  then  gra- 
dually falls  until  it  returns  to  the  minimum  in  the  morning. 

This  diurnal  thermometric  period  varies  with  the  latitude,  the  ele- 
vation of  the  place,  the  character  of  the  surface,  and  with  a  great 
variety  of  local  conditions,  which  not  only  affect  the  hours  of  the 
maximum,  minimum,  and  mean  temperatures,  but  also  the  difference 
between  the  maximum  and  minimum,  or  the  extent  of  the  variation. 

2163.  Annual  thermometric  period, — The  annual  thermometric 
period  also  varies  with  the  latitude,  and  with  all  the  other  conditions 
tnat  affect  the  thermal  phenomena. 

In  Older  to  be  enabled  to  evolve  the  general  thermal  laws  from 
phenomena  so  complicated  and  shifting,  it  is  above  all  things  neces- 
sary to  define  and  ascertain  those  mean  conditions  or  states,  round 
which  the  thermometric  oscillations  take  place. 

2164.  The  mean  diurnal  temperature. — This  is  a  temperature  so 
taken  between  the  extremes,  that  all  those  temperatures  which  are 
superior  to  it  shall  exceed  it  by  exactly  as  much  as  those  which  are 
inferior  to  it  shall  fall  short  of  it. 
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To  render  this  more  dear,  let  ns  suppose  that  the  temperature  id 
oberred  every  second  in  twenty-four  hours.  This  would  give 
86,400  observed  temperatures.  Suppose,  that  of  these  43,000  are 
above,  and  43,400  below  the  mean  temperature.  If,  then,  the  mean 
temperUure  be  subtracted  ^m  each  of  those  above  it,  and  if  each 
of  those  below  it  be  subtracted  from  it,  the  sum  of  the  remainders 
in  the  one  case  must  be  equal  to  the  sum  of  the  remainders  in  the 
other. 

This  is  equivalent  to  stating  that  the  mean  temperature,  multiplied 
by  86,400,  will  give  the  same  result  as  would  be  obtained  by  adding 
together  aU  die  86,400  observed  temperatures. 

But  the  thermometrio  column  is  not  subject  to  such  rapid  changes 
IS  to  show  any  obaenrable  difference  of  elevation  from  second  to 
aeeood,  nor  even  from  minute  to  minute.  If  its  height  be  observed 
every  hoar,  the  mean  diurnal  temperature  will  be  obuined  by  adding 
together  the  twelve  horary  temperatures,  and  dividing  their  sum  by 
12.  But  even  this  is  not  necessary,  and  the  same  result  is  more 
easily  obtained,  either  by  taking  the  sum  of  the  temperatures  at 
nnriae,  at  2  p.  M.,  and  at  sunset,  and  dividing  the  result  by  3,  or 
more  simply  still  by  adding  together  the  maximum  and  mininum 
temperatures,  and  takiug  half  their  sum.  Whichever  of  these 
methods  be  adopted,  the  same  result  very  nearly  will  be  obtained. 
[The  second  is  the  method  adopted  at  the  Observatory  of  Paris.] 

2165.  The  mean  tempercUwe  of  the  month.  —  This  is  found  by 
dividing  the  som  of  the  mean  diurnal  temperature  by  the  number 
cf  days. 

2166.  The  mean  temperatare  of  the  year.  — This  may  be  found 
by  dividing  the  sum  of  the  mean  monthly  temperatures  by  12. 

2167.  Month  of  mean  temperature. — It  is  found  that  in  each  cli- 
loate  there  is  a  certain  month  of  which  the  mean  temperature  is 
ideatieal  with  the  mean  temperature  of  the  year,  or  very  nearly  so. 
This  mcumstance,  when  the  month  is  known,  supplies  an  easy 
method  of  observing  the  mean  temperature  of  the  year. 

In  the  etimate  of  Paris,  this  month  is  October. 

[The  mean  temperature  of  the  year  may  also  be  found  by  taking 
the  mean  of  the  temperatures  corresponding  to  a  single  hour  of  the 
day,  which,  for  the  latitude  of  Paris,  b  9  o'clock,  A.  M.] 

2168.  The  mean  temperature  of  the  place.  —  The  mean  annual 
tempenture  being  observed  in  a  given  place  for  a  series  of  years, 
the  comparison  of  these  means,  one  with  another,  will  show  whether 
the  mean  annual  temperature  is  subject  to  variation,  and,  if  so, 
whether  the  variation  is  periodic  or  progressive.  All  observations 
hitherto  made  and  recorded  tend  to  support  the  conclusion,  that  the 
^riatioDS  of  the  mean  annual  temperature  are,  like  all  other  cosmi* 
cal  ^Mnomena,  periodic,  and  that  the  oscillaUons  are  made  within 
mute  limiti  and  definite  intervahi.     There  exists,  therefore,  for 
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erery  place,  another  mean  tempeiatore  superior  to  the  annual,  and 
which  is  called  the  mean  temperature  of  thepku».  This  is  obtained 
by  adding  together  the  mean  annual  temperatures  of  all  the  jears 
which  constitute  the  thermometric  period,  and  dividing  the  sum  thus 
obtained  by  the  number  of  years. 

But  even  though  the  period  of  the  variation  of  the  mean  annual 
temperature  be  not  kndwn,  a  near  approximation  to  the  mean  tem- 
perature of  the  place  may  be  obtained  by  adding  together  any  attain- 
able number  of  mean  annual  temperatures  and  dividing  their  sum 
by  their  number.  The  probable  accuracy  of  the  result  will  be 
greater,  the  less  the  difference  between  the  temperatures  computed. 

Thus  it  was  found  by  a  comparison  of  thirty  mean  annual  tempe* 
ratures  at  Paris,  that  the  mean  was  51^*44,  and  that  the  difference 
between  the  greatest  and  least  of  the  mean  annual  temperatures  was 
only  5^*4.  ft  may  therefore  be  assumed  that  51^*44  does  not  differ 
by  so  much  as  two-tenths  of  a  degree  from  the  true  mean  tempera- 
ture of  that  place. 

Observation,  however,  has  been  hitherto  so  limited,  both  as  to 
extent  and  duration,  that  this  thermal  character  has  been  determined 
for  a  very  limited  number  of  places.  Indications,  nevertheless, 
have  been  obtained  sufficiently  clear  and  satisfactoty  to  enable  Hum- 
boldt to  arrive  at  some  general  conclusions,  which  we  shall  now  briefly 
state. 

2169.  Isoihennal  lines.  —  In  proceeding  snccessiyely  abng  the 
same  meridian  from  the  equator  towards  the  pole,  the  mean  tempe- 
rature decreases  generally,  but  not  regularly  nor  uniformly.  At 
some  points  it  even  happens  that  the  mean  temperature  augments, 
instead  of  decreasing.  These  irregularities  are  caused  partly  by  the 
varyinff  character  of  the  surface,  over  which  the  meridiui  passes,  and 
partly  by  the  atmospheric  effects  produced  by  adjacent  regions,  and 
a  multitude  of  other  causes,  local  and  accidental.  As  these  causes 
of  irregularity  in  the  rate  of  decrease  of  the  mean  temperature,  pro- 
ceeding from  the  equator  to  the  poles,  are  different  upon  difl^rent 
meridians,  it  is  evident  that  the  points  of  the  meridians  which  sur- 
round the  globe,  at  which  the  mean  temperatures  are  equal,  do  not 
lie  upon  a  parallel  of  latitude,  as  they  would  if  the  causes  which 
affect  the  distribution  of  heat  were  free  from  all  such  irregularities 
and  accidental  influences. 

If,  then,  a  series  of  points  be  taken  upon  all  the  meridians  sur- 
rounding the  globe,  having  the  same  mean  temperature,  the  line 
upon  which  such  points  are  placed  is  called  an  isothermal  line. 

Each  isothermal  line  is  therefore  characterized  hy  the  uniform 
mean  temperature,  which  prevails  upon  every  part  of  it. 

2170.  Isothermal  zones,  —  The  space  included  between  two  iso- 
thermal lines  of  civen  temperatures  is  called  an  isothermal  wme. 

The  northern  hemisphere  has  been  distributed  in  relatioii  to  its 
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tbaval  oonditaon  into  six  zones^  limited  by  the  seven  isotheriLal 
lines,  characterized  by  the  mean  temperatures,  86°,  74**,  68°,  69°, 
50^  41°  aDd  32°. 

2171.  The  first  thermal  cr  torrid  zone, — This  zone  is  a  space 
Bornmnding  the  globe,  included  between  the  equator  and  the  isother- 
mal Ime,  whose  temperature  is  74°. 

The  mean  temperature  of  the  terrestrial  equator  is  subject  to  very 
little  vaiiation,  and  it  may  therefore  be  considered  as  very  nearly  an 
Botbennal  line.  Its  mean  temperature  varies  between  the  narrow 
HfflitB  of  81}°  and  82|°.  [This  mean,  however,  is  modified  by  the 
great  extent  of  the  equatorial  seas;  under  the  line,  the  continents 
occapj  only  a  sixth  of  the  earth's  circumference.  Hence,  in  approach- 
ing the  tropics,  and  particularly  the  tropic  of  Cancer,  we  must  not 
he  sorprised  at  finding  mean  temperatures  which  sensibly  exceed  that 
of  the  terreUrial  equator;  at  Pondicherry,  for  example,  in  lat.  11^ 
55'  N.,  the  mean  is  85°-28,  and  at  Kouka,  in  Africa,  lat.  13°  10', 
the  mean  is  87°-26.] 

2172.  Thermal  equator.  —  If,  upon  each  meridian,  the  point  of 
greatest  mean  temperature  be  taken,  the  series  of  such  points  will 
follow  a  certain  course  round  the  globe,  which  has  been  designated 
as  the  thermal  eqttator.  This  line  departs  from  the  terrestrial  equa- 
tor, to  the  extent  of  ten  or  twelve  degrees  on  the  north  and  about 
^t  degrees  on  ihe  south  side,  following  a  sinuous  and  irregular 
eouse,  interseeting  ihe  terrestrial  equator  at  about  100°,  and  160°, 
east  longitude.  —  It  attains  its  greatest  distances  north  at  Jamaica, 
aod  at  a  point  in  Central  Afirica,  having  a  latitude  of  15°,  and  east 
lo&gitade  10°  or  12°.  The  greatest  mean  temperature  of  the  ther- 
mal equator  is  86°. 

The  isothermal  line  having  the  temperature  of  74°  is  not  very 
UDQOQs  in  its  course,  and  does  not  much  depart  from  the  tropics. 

2173.  The  second  thermal  zone. — This  zone,  which  is  included 
hetveen  the  isothermal  parallels  characterized  by  the  mean  tempe- 
ntares  of  74°  and  68°  is  much  more  sinuous,  and  includes  very 
nrioQs  latitudes.  At  the  points  where  it  intersects  the  meridians 
ot  Soiope,  it  ifl  convex  towards  the  north;  and  attains  its  greatest 
latitode  in  Algeria. 

2174.  The  third  thermal  zone, — ^This  zone,  included  between  the 
laothermal  parallels  which  have  the  mean  temperatures  of  68°  and 
^d^)PtflBes  over  the  coasts  of  France  upon  the  Mediterranean,  about 
Ae  latitode  43°,  and  from  thence  bends  southwards,  both  east  and 
vest,  on  the  east  towards  Nangasaki  and  the  coasts  of  Japan,  and  on 
t^  west  to  Natchez  on  the  Mississippi. 

2175.  The  fourth  thermal  zone.  —  This  zone  is  included  between 
^  parallels  of  mean  temperatures  59°  and  50°.  It  is  convex  to  the 
iM3rth  m  Europe,  including  the  chief  part  of  France,  and  thence  &lhi 
^  the  soaUi  on  both  sides,  including  Pekin  on  the  east,  and  PhiU- 
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delphia,  New  York,  and  CinciDnati  on  tbe  weat.  It  is  evident  from 
this  arrangement  of  the  fourth  thermal  zone,  that  the  climate  of 
Europe  is  warmer  than  that  of  those  parts  of  the  eastern  and  western 
continents  which  have  the  same  latitude. 

2176.  The  fifth  thermal  zone, — The  fifth  zone,  included  between 
the  mean  temperatures  of  50°  and  41°,  is  more  sinuous,  and  inoludes 
latitudes  more  yarious  even  than  the  preceding.  [By  comparing  the 
mean  temperatures  of  Fajetteville  and  of  Copenhagen,  of  Quebeo 
and  of  Stockholm,  of  Kendal  and  of  Berlin,  we  may  see  more  and 
more  the  difference  which  exists  between  the  climate  of  the  Paris 
meridian,  and  the  climates  to  the  east  and  west  of  Uiis  meridian.] 

[2176.*  The  sixth  thermal  zone.  —  The  sixth  zone  is  included 
between  the  mean  temperatures  of  41°  and  32° ;  and  it  is  to  be  re- 
gretted that  we  do  not  possess  in  this  zone  several  series  of  obeer- 
yations  in  Siberia  and  the  north  of  America.  These  observationa 
would  be  so  much  the  more  interesting  as  they  would  enable  oa  to 
trace,  with  some  precision,  the  limits  to  which  vegetation  extends. 
However,  this  zone  appears  to  be  comprised  between  the  latitudes  of 
60°  and  70°.] 

2177.  The  polar  regions.  —  The  circle  whose  area  is  comprised 
within  the  isothermal  parallel  whose  mean  temperature  is  82%  is 
still  less  known.  Nevertheless,  the  results  of  the  observations  made 
by  arctic  voyagers  within  the  last  twenty  years,  afford  ground  for  in- 
ferring that  the  mean  temperature  of  the  pole  itself  must  be  some* 
where  from  13°  to  36°  below  the  zero  of  Fahrenheit,  or  45°  to  68"* 
below  the  temperature  of  melting  ice. 

2178.  Climate  varies  on  the  same  isothermcU  line.  — When  it  is 
considered  how  different  are  the  vegetable  productions  of  plaoes 
situate  upon  the  same  isothermal  line,  it  will  be  evident  that  other 
thermal  conditions  besides  the  mean  temperature  must  be  ascertained 
before  the  climate  of  a  place  can  be  known.  Thus  London,  New 
York,  and  Pekin  are  nearly  on  the  same  isothermal  line,  yet  their 
climates  and  vegetable  productions  are  extremely  different. 

2179.  Constant,  variable,  and  extreme  dimates.  —  One  of  the 
circumstances  which  produce  the  most  marked  difference  in  the  cli- 
mates of  places  having  the  same  mean  temperature  is  the  difference 
between  the  extreme  temperatures.  In  this  respect  climates  ai*e 
classed  as  constant,  variable^  and  extreme. 

Constant  climates  are  those  in  which  the  maximum  and  minimQm 
monthly  temperatures  differ  but  little ;  variable  climates  are  those  in 
which  the  difference  between  these  extremes  is  more  considerable, 
and  extreme  climates  are  those  in  which  this  difference  is  very  great. 

Constant  climates  are  sometimes  called  insular,  because  the  effect 
of  the  ocean  in  equalising  the  temperature  of  the  air  is  such  as  to 
give  this  character  to  the  climates  of  islands. 

2180.  Examples  of  the  classtfication  of  climates.^^The  following 
examples  will  illustrate  this  ohmfioation  of  climates :— 
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Fonefaal  offers  the  example  of  a  constant  or  insular  climate; 
Ix}ndony  Paris,  and  St.  Malo,  of  a  yariable;  and  New  York  and 
PekiD  ci  an  extreme  climate. 

2181.  Climatologicdl  conditions.  —  A  complete  analysis  of  those 
ooDditions  on  which  climate  depends,  requires  also  that  the  epochs 
of  the  extreme  temperature;  and,  in  a  word,  the  general  distribution 
of  best  through  the  seasons,  should  be  stated.  For  this  purpose  we 
shooki  have  an  exact  record,  not  only  of  the  extreme  temperatures 
lod  the  mean  annual  and  monthly  temperatures,  but  also  the  mean 
^wnaL  The  importance  of  such  data  in  any  olimatological  inquiries 
yill  be  perceived,  when  it  is  considered  that  a  few  degrees  diiSerence 
in  the  lowest  temperature  will  decide  the  question  of  the  possibility 
of  certiin  vegetable  productions  continuing  to  live,  and  the  difference 
of  t  few  degrees  in  the  highest  temperature  will  render  it  possible 
oroot  for  certain  fruits  to  ripen. 

2182.  Talde  of  Pari$  temperaturea.  —  The  following  table,  pub* 
l^hed  by  M.  Arago,  shows  the  extremes  of  the  temperature  of  the 
«ir  JQ  Paris  fiw  more  than  a  century : — 


OieatestCold. 

Tor. 

Month. 

Tempentnre 
Fahrathdt. 

Year. 

Month. 

Temperature 
Fahrenheit 

■1708 

17.S3 

.  17M 

ll7a5 

M793 

1793 

1800 

1802 

1808 

1808 

1818 

AagaBt8. 
July?. 

"14. 

"14. 

"   8. 

"16. 
Angtut  18. 
8. 
8. 
July  16. 

"  24. 

o 

96-5 
96-1 
960 
94-6 
1011 
991 
95-9 
97-6 
981 
97-2 
94-1 

1709 
1716 
1754 
1756 
1768 
1776 
1788 
1788 
1796 
1798 
1828 

January  18. 
18. 
8. 
8. 
8. 
"        29. 
December  80. 
"          81. 
January  26. 
Deoember  26. 
January  14. 

o 

—  90 

—  1-7 
-1-  6-6 
+  89 
+  12 
Z.  2-4 

—  2-4 

—  8-1 

—  10-8 
+  08 
+  6-9 

82 


MBTEOROLOGT. 


2183.  Extreme  temperature  in  torrid  zone, — ^The  highest  tempe- 
rature of  the  air  which  has  been  observed  within  the  torrid  zone  is 
IdO^y  which  was  observed  by  MM.  Lyon  and  Ritchie,  in  the  Oasis 
of  Moarzoiik.  This,  however,  is  an  extreme  and  exceptional  cade, 
the  temperature,  even  in  this  zone,  rarely  exceeding  120°. 

2184.  Extreme  temperature  in  pdur  regions.  —  The  lowest  tem- 
peratures observed  by  arctic  voyagers  in  the  polar  regions  range  from 
40°  to  60°  below  zero  of  Fahrenheit,  which  is  from  70°  to  90°  below 
the  temperature  of  melting  ice.  Thus  it  appears  that  the  air  at  the 
surface  of  the  earth  ranges  between — 60^  and  -h  120°,  the  extremes 
differing  by  180°. 

2185.  The  variation  of  temperature  depe!nd\ng  on  the  elevation 
of  the  observer  above  the  level  of  the  sea, — Innumerable  phenomena 
show  that  the  temperature  of  the  air  falls  as  the  elevation  increases. 
The  presence  of  eternal  snow  on  the  elevated  parts  of  mountain 
ranges,  in  every  part  of  the  globe,  not  excepting  even  the  torrid  zone, 
is  a  striking  evidence  of  this. 

Numerous  observations  have  been  made  on  the  slopes  of  moun- 
tains, and  by  means  of  balloons  and  kites,  to  ascertain  the  law  ac- 
ooiding  to  which  the  temperature  falls  as  the  height  increases. 
Captain  Parry  raised  a  self-registering  thermometer  to  the  height  of 
about  400  feet,  by  means  of  a  kite,  at  Ingloolick,  ktitude  69°  21'. 
At  thb  elevation  the  temperature  was  24°  below  zero,  being  the 
same  temperature  as  at  the  surface.  At  the  equator  Humboldt  made 
an  extensive  series  of  observations,  the  general  results  of  which  are 
as  follows : — 
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It  appears  from  these  observations,  which  were  made  upon  thi 
declivities  of  the  vast  mountain  ranges  which  traverse  the  equatoria 
regions,  that  the  decrease  of  temperature  is  neither  uniform  no 
regular.  The  rate  of  decrease  is  least  between  the  elevation  of  300< 
and  6000  feet.  This  is  explained  by  the  fact,  that  this  stratum  of 
the  atmosphere  at  the  Line  is  the  habitual  region  of  doads.     It  ii 
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iheie  that  the  TapcmxB  MoendiDg  from  the  sor&oe,  beiog  more  or  lees 
ooodenaedy  absorb  a  large  portion  of  the  solar  heat,  and  it  is  not 
therefore  snrprisizig  that  this  stratnm  should  be  cooled  in  a  less  degree 
than  the  strata  consbUng  of  air  less  charged  with  vapoar. 

The  observations  made  in  temperate  climates  eive  results  equally 
inegnkr.  Gay-Lnasae  found,  ascending  in  a  balloon,  that  the  ther- 
mometrie  oohunn  fell  one  degree  for  an  elevation  of  about  320  feet. 
On  the  Alps  the  height  which  produces  a  fall  of  one  degree  is  from 
260  to  280  feet,  and  on  the  Pyrenees  from  220  to  430  feet.  It  may 
therefoie  be  assnmedy  that  in  the  equatorial  regions  an  elevation  of 
about  360  fiset,  and  in  our  latitudes  from  300  to  330  feet,  corresponds 
to  a  fidl  of  one  degree  of  temperature  on  an  average,  subject,  how- 
ever, to  considerable  local  variation. 

2185*.  EUvatumof  the  Umit  of  perpetual  tniwv}. — It  might  appear 
that  in  those  elevations  at  which  the  mean  temperature  fdls  to  32°, 
water  eannot  exist  in  the  liquid  state,  and  we  might  expect  that 
above  this  limit  we  should  find  the  surface  invested  with  perpetual 
snow.  Observation  nevertheless  shows  such  an  inference  to  be  erro- 
neous. Hamboldt  in  the  equatorial  regions,  and  M.  Leopold  de 
Buch  in  Norway  and  Lapland,  have  shown  that  the  bnow-line  does 
not  eorrespond  with  a  mean  temperature  of  32°  for  the  superficial 
atmosphere,  bat  that  on  the  contrary,  within  the  tropics,  it  is  marked 
by  a  mean  temperature  of  about  35°,  while  in  the  northern  regions, 
m  ktitodes  of  from  60°  to  70°,  the  mean  temperature  is  21°. 

2186.  Conditions  which  affect  it,  — It  appears  that  the  snow-line 
is  determined  not  so  much  by  the  mean  annual  temperature  of  the 
air  as  by  the  temperature  of  the  hottest  month.  The  higher  this 
temperature  is,  the  more  elevated  will  be  the  limit  of  perpetual  snow. 
But  the  temperature  of  the  hottest  month  depends  on  a  great  variety 
of  loeal  conditions,  such  as  the  cloudy  state  of  the  atmosphere,  the 
nature  of  the  soil,  the  inclination  and  aspect  of  the  surface,  the  pre- 
vailing winds,  &c. 

[Other  things  being  equal,  the  snow-line  will  be  so  much  the 
more  elevated  as  the  mass  of  snow  itself  is  of  less  extent.  A  peak 
of  small  dimensions,  for  example,  rising  in  a  plain  to  the  region  of 
Blows,  ^ill  always  have  at  its  summit  much  warmer  summer  months 
than  an  enormous  mass,  which,  after  being  cooled  down  during  the 
winter,  may  react  for  a  longer  time  on  the  temperate  air  which 
envelops  it  in  summer,  and  may  consequently  determine  a  more  or 
leas  considerable  depression  of  temperature.] 

2187.  TahU  of  heights  of  8now4ine  observed. — ^Tn  the  following 
table  are  collected  and  arranged,  the  results  of  the  most  important 
and  aceuiate  observations  on  the  snow-line. 
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Obflcnrer. 


Lat. 


Place. 


Height 
in  Feet. 
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Tem'- 


Humboldt 

M 
ri< 

PenUand   

Humboldt 

« 

Webb 

« 

Engelhardt  and  Parrot 

Bamond 

« 

Wahlenberg. 

Leopold  de  Buch 


0  to  10 


14  to 
u' 

10  to 
it 

M 
U 

27  to 
t( 

42  to 

(C 

46  to 


61 
70 


Rncupichincha 

Huaupinchincba 

Antisana 

Corazon 

Cotopaxi 

Chlmbonuo 

Eastom  Cordilloraa  of  Upper  Peru 
Western  ditto  ditto 

Orlbawi 

Popocatepetl 

Femmeblanche 

Nevado  de  Tolnca 

Himalaya  (south  side) 

*<         (north  Hide) 

Caucasus 

Pyrenees 

Alps 

Carpathians 

Peak  of  Saletind « 

The  Storveins-Field 


16,730 


17,060 
16,830 
16,020 


12,680 
16,400 
10,560 
S950 
8700 
8fi00 
6540 
8480 


S4-: 


38-3 


42-8 
41-0 


2188.  Further  results  of  Humholdis  aiid  PentlancTs  researches. 
— ^To  these  general  results  may  be  added  the  followiDg  observations 
of  M.  Humboldt*  :— 
"  1.  The  sDow-liDe  on  the  Andes  does  not  vary  more  than  70  to  100 

feet  in  its  elevation. 
'^The  plains  of  Antisana,  at  an  elevation  of  13,800  feet,  clothed 

with  a  rich  vegetation  of  aromatio  herb,  are  covered  with  a  depth 

of  three  or  four  feet  of  snow  for  five  or  six  weeks. 
"In  Quito,  mean  temperature  48^,  snow  is  never  seen  below   ihe 

elevation  of  12,000  feet. 
''Hail  falls  in  the  tropical  regions  at  elevations  of  from  200O  to 

8000  feet,  but  is  never  witnessed  on  the  lower  plateaux.     It  falls 

once  in  five  or  six  years. 
''  No  mountains  have  been  observed  in  tropical  Africa  which  rise  to 

the  snow-line. 
"2.  Pentland  found  that  from  14°  to  19°  lat.  S.  the  snow-line    is 

higher  than  upon  the  Line.     This  might  probably  be  explained 

by  the  nature  and  configuration  of  the  surface. 
"3.  Between  the  Line  and  20°  lat.  N.  the  snow-line  falls  only  700 

feet.     The  variation  of  the  height  of  the  snow-line  increases  iprith 

the  latitude. 
''  The  summit  of  Mowna  Roa  (Owhyhee),  Sandwich  Islands,  whose 

height  exceeds  16,000  feet,  is  sometimes  divested  of  snow. 
"4.  The  elevation  of  the  snow-line  on  the  southern  declivity  of  the 

Himalaya  agrees  with  observations  made  in  Mexico;    but    the 

northern  declivity  presents  a  singular  anomaly,  the  snow-line  rising 

•  "  Notice  on  the  Snow-line,'*  Ann.  de  Ck,  et  Phyt,  tom.  xir.  p.  1. 
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to  IdyOOO  feet,  a  greater  elevation  than  upon  the  Line.  [The  ex- 
planation of  this  phenomenon  must  be  sought  in  the  immenso 
extent  of  the  plateaux,  and  in  the  configuration  of  the  surface.] 

^'5.  The  snow-line  on  the  Caucasus  is  higher  bj  1800  feet  than  on 
the  F^^nees,  which  are,  nevertheless,  in  the  same  latitude. 

'^6.  The  sDow-line  on  the  chain  of  mountains  which  extends  along 
Norway,  from  58**  to  70**  lat.,  is  at  an  elevation  of  5000  feet. 
This  great  elevation  in  latitudes  so  high  is  probablj  explicable  by 
local  atmospheric  phenomena,  and  the  proximity  of  the  sea." 

2189.  Thermal  phenomena  below  the  surface. — At  a  given  place 
the  Sfo&ce  of  the  ground  undergoes  a  periodical  variation  of  tem- 
peratare,  attaining  a  certain  maximum  in  summer,  and  a  minimum 
io  winter,  and  gradually,  but  not  regularly  or  uniformly,  augmenting 
bam  the  minimum  to  the  maximum,  and  decreasing  from  the  maxi- 
mum to  the  minimum. 

The  qnestion  then  arises  as  to  whether  this  periodic  variation  of 
temperature  is  propagated  downwards  through  the  crust  of  the  earth, 
and  if  so,  whether  In  its  descent  it  undergoes  any  and  what  modifi- 
cationa? 

To  explain  the  phenomena  which  have  been  ascertained  by  obser- 
vitioo,  let  US  express  the  mean  temperature  by  M,  and  let  the  maxi- 
mom  and  minimum  temperatures  be  x  and  t 

If  we  penetrate  to  depths  more  or  less  considerable,  we  shall  find 
that  the  mean  temperature  M  of  the  strata  will  be  very  nearly  the 
atne  as  at  the  surface.  The  extreme  temperatures  T  and  f,  will, 
however,  undergo  a  considerable  change,  T  decreasing,  and  t  increas- 
ing' Thos  the  extremes  gradually  approach  each  other  as  the  depth 
iocreaaes,  the  mean  M  remaining  nearly  unaltered. 

2190.  Stratum  of  invariable  temperature,  —  A  certain  depth 
vill  therefore  be  attained  at  length,  when  the  maximum  temperature 
T|  by  its  continual  decrease,  and  the  minimum  temperature  t,  by  its 
eontinnal  increase,  will  become  respectively  equal  to  the  mean  tem- 
P^tnre  m.  At  this  depth,  therefore,  the  periodical  variations  at 
the  snrfiioe  disappear ;  and  the  mean  temperature  M  is  maintained 
pennanently  without  the  least  change. 

This  mean  temperature,  however,  though  nearly  is  not  precisely 
equal  to  the  mean  temperature  at  the  surface.  In  descending  M 
undergoes  a  slight  increase,  and  at  the  depth  where  T  and  t  become 
Mnal  to  M,  and  the  variation  disappears,  the  mean  temperature  is  a 
iittk  higher  than  the  mean  temperature  of  the  surface. 

2191.  Ih  depth  varies  with  the  fo^i^tMfc— The  depth  at  which  the 
saper6cial  vicissitudes  of  temperature  disappear  varies  with  the  lati- 
tude, with  the  nature  of  the  surface,  and  other  circumstances.  In 
Qv  elimates  it  varies  from  80  to  100  feet  It  diminishes  in  pro- 
*>6diog  towardfl  the  equator,  and  increases  towards  the  pole.    The 


86  MBTEOROLOGT. 

excess  of  the  permanent  temperatore  at  this  depth  ahove  the  mean 
temperature  at  the  sor&ce,  inoreases  with  the  ktitade. 

2192.  Its  d^th  and  UmvperaJtwre  at  Paris, — ^The  same  thermo- 
meter which  has  heen  kept  for  siztj  years  in  the  vaults  of  the  Ob- 
servatory ~at  Paris,  at  the  depth  of  eiehty-^ight  feet  below  the  sur- 
face, has  shown,  during  that  interval,  die  temperature  of  11^*82 
Cent.,  which  is  equal  to  53 i°  Fahr.,  without  varying  more  than  hiJf 
a  degree  of  Fahr. ;  and  even  this  variation,  small  as  it  is,  has  been 
explained  by  the  effects  of  currents  of  air  produced  by  the  quarrying 
operations  in  the  neighbourhood  of  the  Observatory. 

[This  phenomenon  was  first  observed  by  Oassini,  in  1671.] 

§193.  Its  form, — ^We  must  therefore  infer,  that  within  the  sur- 
face of  the  earth  there  exists  a  stratum  of  which  the  temperature  is 
invariable,  and  so  placed  that  all  strata  superior  to  it  are  more  or  less 
affected  by  the  thermal  vicissitudes  of  the  surface,  and  the  more  so 
the  nearer  they  are  to  the  surface,  and  that  this  stratum  of  invariable 
temperature  has  an  irregular  form,  approaching  nearer  to  the  sur- 
face at  some  places,  and  receding  forther  from  it  at  others;  the  na- 
ture and  character  of  the  surface,  mountains,  valleys,  and  plains, 
seas,  lakes,  and  rivers,  the  greater  or  less  distance  from  the  equator 
or  poles,  and  a  thousand  other  circumstances,  imparting  to  it  varia- 
tions of  form,  which  it  will  require  observations  and  experiments 
much  more  long  continued  and  extensive  than  have  hitherto  been 
made,  to  render  manifest. 

2194.  Thermal  phenomena  hetiDcen  the  surface  and  the  stratum 
of  invariable  temperature, — The  thermometric  observations  on  the 
periodical  changes  which  take  place  above  the  stratum  of  invariable 
temperature  are  not  so  numerous  as  could  be  desired;  [and  even 
these  observations  generally  extend  only  to  a  depth  of  about  25 
feet :]  nevertheless,  the  following  general  conditions  have  been  as- 
certained, especially  in  the  middle  latitudes  of  the  northern  hemi- 
sphere:— 

1.  The-  diurnal  variations  of  temperature  are  not  sensible  to  a 
greater  depth  than  3}  feet. 

[2.  The  mean  annual  temperatures  of  the  different  strata  differ 
little  fr^m  the  mean  annual  temperature  of  the  air.] 

3.  The  difference  t  —  t  between  the  extreme  temperatures  of  the 
strata  decreases  in  geometrical  progression  for  depUis  measured  in 
arithmetical  progression,  or  nearly  so. 

4.  Atthe  depth  of25  feet,  T—<  =  2°.  AtSOfeetT  — «  =  0**-2; 
and  at  60  to  80  feet,  t— f  =  0°-02. 

5.  Since  the  effects  of  the  superficial  variation  must  require  a 
certain  time  to  penetrate  the  strata,  it  is  evident  that  the  epoch  at 
which  each  stratum  attains  its  maximum  and  minimum  temperatures 
will  be  different  from  those  at  which  the  other  strata  and  the  surface 
attain  them.    The  lower  the  strata  the  greater  will  be  the  difieieneo 
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betveen  the  times  of  attainiDg  those  limits,  as  eompared  with  the 
niface.  Thus,  it  is  foand,  that  at  the  depth  of  twenty-five  feet  the 
mixiDaiii  is  not  attained  until  the  snrfiEuse  has  attained  its  minimum. 
The  ttisoDs,  therefore,  at  this  depth  are  reversed,  the  temperature 
of  July  heing  manifested  in  January,  and  vice  vend. 

2195.  Thermcd  phenomena  hehw  the  stratum  of  uniform  tempe" 
ratere:—- The  same  uniformity  of  temperature  which  prevails  in  the 
ioTBiiable stratum  is  also  observed  at  all  greater  depths;  but  the 
tempentare  increases  with  the  depth.  Thus,  each  successive  stra- 
tum, in  desoending,  has  a  characteristic  temperature,  which  never 
cbaoges.  The  rate  at  which  this  temperature  augments  with  the 
depth  below  the  invariable  stratum  is  extremely  different  in  different 
loolitiea  In  some  there  is  an  increase  of  one  degree  for  every 
thirty  feet^  while  in  others  the  same  increase  corresponds  to  a  depth 
of  100  feet  It  may  be  assumed,  in  general,  that  an  increase  of  one 
degree  of  temperature  will  take  place  for  every  fifty  or  sixty  feet  of 
depth. 

[The  existence  of  a  sensible  heat  in  deep  mines  had  long  attracted 
the  ittenti<m  of  observers ;  but  there  was  more  eagerness  to  explain 
the  &etB  than  to  observe  them  accurately.  It  was  explained  vari- 
ously; some,  as  Boyle,  attributed  it  to  the  decomposition  of  pyrites, 
or  rather,  to  a  kind  of  fermentation  to  which  recourse  was  often  had 
to  explain  embarrassing  facts;  others  regarded  it  as  a  confirmation 
or  a  eonsequence  of  the  funous  hypothesis  of  the  central  fire — an 
hjpodiesis  which  had  been  framed  in  the  most  ancient  times,  and 
vlueh  had  been  in  turn  adopted  or  rejected  by  philosophers.  Gen- 
aone  appears  to  be  the  first  observer  who  carried  the  thermometer 
to  gradually  increasing  depths,  and  who  discovered  the  important 
&ct  that  the  temperature  augments  with  the  depth.  These  experi- 
Bttots  go  back  to  1740,  and  were  made  in  the  lead-mines  of  Giro- 
BttgDy,  at  three  leagues  from  B^fort.] 

2196.  Temperature  of  springs, — ^The  permanency  of  the  tempo- 
ntores  of  the  inferior  strata  is  rendered  manifest  by  the  uniformity 
of  ^  temperature  of  springs,  of  which  the  water  rises  from  any 
eouiderable  depths.  At  all  seasons  of  the  year  the  water  of  such 
spriogB  maintains  [very  nearly]  the  same  uniform  temperature ;  [it 
ittabtt  its  maximum  about  the  month  of  September,  and  its  mini- 
mttm  in  March ;  the  difference  between  these  two  epochs  reaching 
from  2*'  to  4^.] 

It  may  be  assumed  that  the  [mean]  temperature  of  the  water  pro- 
ttediog  from  such  springs  is  that  of  the  strata  from  which  they  rise. 
In  these  latitudes  it  is  found  in  general  to  be  a  little  above  the  mean 
temperature  of  the  air  for  ordinary  springs;  that  is  from  those  which 
probably  rise  from  strata  not  below  the  invariable  stratum.  In 
higher  lalitades  the  excess  of  temperature  is  greater  [from  6°  to 

m  4 
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8^];  a  fuct  which  is  in  accordance  with  what  has  been  alreaily 
explained. 

It  has  not  been  Oertainlj  ascertained  whether  the  hot  springs,  acme 
of  which  rise  to  a  temperature  little  less  than  that  of  boiling  water, 
derive  their  heat  from  the  great  depth  of  the  strata  from  which  they 
rise,  or  from  local  conditions  affecting  the  strata.  The  uniformity 
of  the  temperature  of  many  of  them  appears  to  favour  the  former 
hypothesis ;  but  it  must  not  be  forgotten  that  other  geological  con- 
ditions  besides  mere  depth  may  operate  with  the  same  permanency 
and  regularity. 

2197.  Thermal  conditions  o/  seas  and  lakes.  —  The  anomalous 
quality  manifested  in  the  dilatation  of  water  when  its  temperature 
falls  below  38^-8  Fahr.  (1395),  and  its  consequent  maximum  density 
at  that  temperature,  is  attended  with  most  remarkable  and  important 
consequences  in  the  phenomena  of  the  waters  of  the  globe,  and  in 
the  economy  of  the  tribes  of  organised  creatures  which  inhabit 
them.  It  is  easy  to  show  that,  but  for  this  provision,  exceptional 
and  anomalous  as  it  seems,  diisturbances  would  take  place,  and 
changes  ensue,  which  would  be  attended  with  effects  of  the  most 
injurious  description  in  the  economy  of  nature. 

If  a  large  collection  of  water,  such  as  an  ocean,  a  sea,  or  a  lake, 
be  exposed  to  continued  cold,  so  that  its  superficial  stratum  shall 
have  its  temperature  constantly  reduced,  the  following  effects  will  be 
manifested. 

The  superficial  stratum  falling  in  temperature,  will  become  heavier, 
volume  for  volume,  than  the  strata  below  it,  and  will  therefore  sink, 
the  inferior  strata  rising  and  taking  its  place.  These  in  their  turn 
being  cooled  will  sink,  and  in  this  manner  a  continual  system  of 
downward  and  upward  currents  will  be  maintained,  by  means  of 
which  the  temperature  of  the  entire  mass  of  liquid  will  be  continu- 
ally equalized  and  rendered  uniform  from  the  surface  to  the  bottoui. 
This  will  continue  so  long  as  the  superficial  stratum  is  rendered 
heavier,  volume  for  volume,  than  those  below  it,  by  being  lowered 
in  temperature.  But  the  superficial  stratum,  and  all  the  inferior 
strata,  will  at  length  be  reduced  to  the  uniform  temperature  of  38^-8. 
After  this  the  system  of  currents  upwards  and  downwards  will  cease. 
The  several  strata  will  assume  a  state  of  repose.  When  the  super- 
ficial stratum  is  reduced  to  a  temperature  lower  than  38^-8  (which 
is  that  of  the  maximum  density  of  water),  it  will  become  lighter, 
volume  for  volume,  instead  of  being  heavier  than  the  inferior  strata. 
It  will  therefore  float  upon  them.  The  stratum  immediately  below 
it,  and  in  contact  with  it,  will  be  reduced  in  temperature,  but  in  a 
less  degree;  and  in  like  manner  a  succession  of  strata,  one  below 
the  other,  to  a  certain  depth,  will  be  lowered  in  temperature  by  the 
cold  of  those  above  them,  but  each  stratum  being  lighter  than  those 
below,  will  remain  at  rest,  and  no  interchange  by  currents  will  take 
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plaee  between  atmtam  and  stratam.  If  water  were  a  good  con- 
dactor  of  heat,  the  cooling  efi^t  of  the  surface  woald  extend  down- 
wards to  a  considerable  depth.  But  water  being,  on  the  contrary, 
&a  eztreoiely  imperfect  conductor,  the  effect  of  the  superficial  tem- 
perature will  extend  only  to  a  very  limited  depth  ;  and  at  and  below 
that  limit,  the  uniform  temperature  of  38^ -89  that  of  the  greatest 
density,  will  be  maintained. 

This  state  of  repose  will  continue  until  the  superficial  stratum  falls 
to  32^,^  after  which  it  will  be  congealed.  When  its  surfiuM  is  so- 
lidified, if  it  be  still  exposed  to  a  cold  lower  than  32^,  the  tempera- 
ture of  the  surface  of  the  ice  will  continue  to  fall,  and  this  reduced 
temperature  wUl  be  propagated  downward,  diminishing,  however,  in 
degree,  bo  as  to  reduce  the  temperature  of  the  stratum  on  which  the 
ice  rests  to  32^,  and  therefore  to  continue  the  process  of  congelation, 
and  to  thicken  the  ice. 

If  ice  were  a  good  conductor  of  heat,  this  downward  process  of 
congelation  would  be  continued  indefinitely,  and  it  would  not  be 
impossible  that  the  entire  mass  of  water  from  the  surface  to  the  bot- 
tom, whateTcr  be  the  depth,  might  be  solidified.  Ice,  however,  is 
nearly  as  bad  a  conductor  of  heat  as  water,  so  that  the  superficial 
temperature  can  be  propagated  only  to  a  very  inconsiderable  depth ; 
and  it  is  found  accordingly,  that  the  crust  of  ice  formed  even  on  the 
surfiioe  of  the  polar  seas,  does  not  exceed  the  average  thickness  of 
twenty  feet. 

[2197*.  Temperature  and  congelation  of  rivers. — In  rivers,  the 
distribution  of  heat  follows  other  laws,  on  account  of  the  motion  of 
translation  of  the  liquid  molecules.  There  results  from  this,  in  fact, 
a  continual  mixture  of  the  upper  and  lower  strata,  which  tends  to 
establish  a  uniform  temperature  in  the  whole  mass.  Nevertheless, 
as  this  motion  is  different  at  the  surface  and  at  the  bottom,  in  the 
middle  of  the  river  and  near  the  shares,  we  should  expect  many  ac- 
cidental phenomena  determined  by  these  circumstances.  Among 
these  phenomena,  those  of  congelation  alone  have  been  observed 
with  any  care.  It  ha»  been  established,  by  decisive  experiments, 
thaty  in  certain  cases,  congelation  commences  at  the  surface,  and 
that,  in  other  cases,  on  the  contrary,  it  commences  at  the  bottom. 

When  rivers  are  covered  with  floating  tee,  we  may  say,  in  general, 
that  all  these  blocks,  which  dash  against  each  other,  and  conse- 
quently assume  rounded  or  angular  forms,  were  originally  formed  at 
the  snr&oe :  some  were  detached  from  the  shores }  but  others  were, 
at  first)  only  small  particles,  which  gained  size  as  they  floated  on  the 
water. 

The  formation  of  the  first  pieces  is  not  doubtful,  since  we  see  the 
shores  covered  with  a  layer  of  ice  which  is  constantly  beaten  and 

*  For  sei^water  the  ftreezing  point  is  28}®. 
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broken  by  the  waves.  It  is  then  that  congelation  commences,  be- 
cause generally  the  water  is  there  less  deep,  and  because  it  is  in  con- 
tact with  the  shore,  which  is  constantly  cooled  by  the  air  and  radia- 
tion. The  ice  which  is  attached  thereto,  is  cooled  in  its  turn  by  this 
double  cause,  and  becomes  then,  as  the  shore  itself,  a  cold  body,  ca- 
pable of  chilling  what  touches  it.  The  lump  or  even  imperceptible 
fragments,  into  which  this  mass  is  broken,  float  by  their  specific 
levity :  they  become  cooler  than  the  water,  and  the  chx)ps  which  fall 
on  their  borders  congeal  instantly. 

The  formation  of  pieces  of  ice  at  the  surface,  and  far  from  the 
shores  and  all  solid  bodies,  has  been  called  in  question  by  some 
physicists :  and  it  is  difficult  to  prove  it  directly,  for  it  may  be  said 
that  the  pieces  which  are  found  there  were  detached  from  the  shores 
by  the  waves.  But  it  must  be  admitted  that  the  free  surface  of  the 
water  may  be  indefinitely  cooled  below  32°,  and  that  thus  finally, 
notwithstanding  the  agitation,  it  must  give  birth  to  needles  of  ice 
which  subsequently  grow  on  cooling,  by  contact  of  the  air  and  radi- 
ation. 

The  formation  of  ice  at  the  very  bottom  of  the  water  was  long 
contested ;  but  able  observers  have  obtained  direct  proof  of  it,  and 
it  remains  only  to  seek  the  cause.  The  agitated  waters  of  rivers 
may  doubtless  fall  several  degrees  below  82°  without  freezing; 
and  when  the  depth  is  not  great,  the  whole  thickness  of  the  liquid 
stratum  may  participate  in  this  depression  of  temperature.  The 
solid  substances  at  the  bottom  at  length  participate  in  it  themselves 
by  their  prolonged  contact  with  the  water,  and  the  agitation  at  the 
bottom  is  less  than  at  the  surface.  The  inequalities  of  the  bed 
form  a  multitude  of  little  hollows  where  the  water  is  only  feebly 
agitated ;  and  in  them  we  may  conceive  congelation  to  take  place, 
and  even  more  rapidly  than  at  the  surface.] 

2198.  Thermal  condition  of  a  frozen  sea, — The  thermal  condi- 
tion, therefore,  of  a  frozen  sea,  ts  a  state  of  molecular  repose,  as  ab- 
solute as  if  the  whole  mass  of  liquid  were  solid.  The  temperatui« 
at  the  surface  of  the  ice  being  below  the  freezing  point,  increases  in 
descending  until  it  rises  to  the  freezing  point,  at  the  stratum  where 
the  ice  ceases,  and  the  liquid  water  commences.  Below  this  the 
temperature  still  augments  until  it  reaches  38° -8,  the  temperature 
of  maximum  density  of  water,  and  this  temperature  is  continued 
uniform  to  the  bottom. 

2199.  Process  of  thatoing.  —  Let  us  now  consider  what  effects 
will  be  produced,  if  the  superficial  strata  be  exposed  to  an  increase 
of  temperature.  After  the  fusion  of  the  ice,  the  temperature  of  the 
surface  will  ^dually  rise  from  32°  to  S8°'8,  the  temperature  of 
greatest  density.  When  the  superficial  stratum  rises  above  32°,  it 
will  become  heavier  than  the  stratum  under  it,  and  an  interchange 
by  currents,  and  a  consequent  equalization  of  temperature,  will  take 
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plsee,  and  ihis  will  eontiniie  antil  the  raperfieud  stratum  attains  the 
tempentsre  of  38^*8,  when  the  temperature  of  the  whole  mass  of 
water  from  the  sQr&oe  to  the  bottom  will  become  nniform. 

After  this  a  farther  elevation  of  the  temperature  of  the  superficial 
s^tom  will  render  it  lighter  than  those  below  it,  and  no  currents 
will  be  produced,  the  liquid  remaining  at  rest;  and  this  state  of 
repose  will  continue  so  long  as  the  temperature  continues  to  rise. 

Every  fiJl  of  the  superficial  temperature,  so  long  as  it  continues 
aboTe  38^-8,  will  be  attended  with  an  interchange  of  currents  be- 
tween the  superficial  and  those  inferior  strata  whose  temperature  is 
above  38^-8,  and  a  constant  equalization  of  temperature. 

2200.  Depth  of  UrcUum  of  constant  temperature  in  oceans  and 
teas.  —  It  appears,  therefore,  to  result  as  a  necessary  consequeuce 
fivm  what  has  been  ezpldned,  and  this  inference  is  fully  confirmed 
by  experiment  and  obserrations,  that  there  exists  in  oceans,  seas,  and 
other  laige  and  deep  collections  of  water,  a  certain  stratum,  which 
retains  permanently,  and  without  the  slightest  variation,  the  tempe- 
rature of  38^-8,  which  characterizes  the  state  of  greatest  density, 
and  that  all  the  inferior  strata  equally  share  this  temperature.  At 
^e  lower  latitudes,  the  superior  strata  have  a  higher,  at  the  higher 
latitudes  a  lower  temperature,  and  at  a  certain  mean  latitude  the 
stratum  of  invariable  temperature  coincides  with  the  surface. 

In  accordance  with  this,  it  has  been  found  by  observation  that  in 
the  torrid  zone,  where  the  superficial  temperature  of  the  sea  is  about 
83^,  the  temperature  decreases  with  the  depth  until  we  attain  the 
stratum  of  invariable  temperature,  the  depth  of  which,  upon  the 
Line,  is  estimated  at  about  7000  feet  The  depth  of  this  stratum 
gradually  diminishes  as  the  latitude  increases,  and  the  limit  at  which 
it  coincides  with  the  sur&ce  is  somewhere  between  55^  and  60°. 
Above  this  the  temperature  of  the  sea  increases  as  the  depth  of  the 
stratum  increases,  until  we  sink  to  the  stratum  of  invariable  tempe- 
rature, the  depth  of  which  at  the  highest  latitudes  (at  which  obser- 
vatiohs  have  been  made)  is  estimated  at  about  4500  feet 

2201.  £ffect  of  superfcial  agitation  of  the  sea  extends  to  only  a 
nnaU  depth,  —  It  might  be  imagined  that  the  temperature  of  tho 
8ar&ce  would  be  propagated  downwards,  and  that  a  thermal  equal- 
isation might  therefore  be  produced  by  the  intermixture  of  the  supe- 
rior with  the  inferior  strata,  arising  from  tbe  agitation  of  the  surface 
of  the  waters  by  atmospheric  commoUons.  It  is  found,  however, 
that  these  effects,  even  in  the  case  of  the  most  violent  storms  and 
hurricanes,  extend  to  no  great  depth,  and  that  while  the  surface  of 
the  ocean  is  fdrrowed  by  waves  of  the  greatest  height  and  extent, 
the  inferior  strata  are  in  the  most  absolute  repose. 

2202.  Destructive  effects  which  would  be  produced  if  water  had 
wt  a  point  of  maximum  density  above  its  point  of  congelation,  — 
If  wrter  followed  the  general  law,  in  virtue  of  which  all  bodies  become 

4* 
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more  dense  as  their  temperatare  is  lowered,  a  continued  frost  might 
congeal  the  ocean  from  its  surface  to  the  bottom ;  and  certainly  would 
do  80  in  the  polar  regions;  for  in  that  case  the  system  of  vertieai 
currents,  passing  upwards  and  downwards  and  producing  an  eqnaliza- 
tion  of  temperature,  which  has  been  shown  to  prevail  above  38^-8, 
would  equally  prevail  below  that  point,  and  consequently  the  same 
equalization  of  temperature  would  be  continued,  until  the  entire  mass 
of  water,  from  the  surface  to  the  bottom,  would  be  reduced  to  the 
point  of  congelation,  and  would  consequently  be  converted  into  a 
solid  masS;  all  the  organized  tribes  inhabiting  the  waters  being 
destroyed. 

The  existence  of  a  temperature  of  maximum  density  at  a  point  of 
the  thermometric  scale  above  the  point  of  congelation  of  water,  com- 
bined with  the  very  feeble  conducting  power  of  water,  whether  in 
the  liquid  or  solid  state,  renders  such  a  catastrophe  impossible. 

2203.  Variations  of  the  temperature  of  the  air  at  sea  and  on 
land, — The  air  is  subject  to  less  extreme  changes  of  temperature  &t 
sea  than  on  land.  Thus,  in  the  torrid  zone,  while  the  temperature 
on  land  suffers  a  diurnal  variation  amounting  to  10^,  the  extreme 
diurnal  variation  at  sea  does  not  exceed  3^^.  In  the  temperate  zone 
the  diurnal  variation  at  sea  is  limited  generally  to  about  5^°,  while 
on  continental  it  is  very  various  and  everywhere  considerable.  In 
different  parts  of  Europe  it  varies  fipom  20®  to  26**. 

At  sea  as  on  land  the  time  of  lowest  temperature  is  that  of  sun- 
rise, but  the  time  of  greatest  heat  is  about  noon,  while  on  land  it  is 
at  two  or  three  hours  after  noon. 

On  comparing  the  temperature  of  the  air  at  sea  with  the  super- 
ficial temperature  of  the  water,  it  has  been  found  that  between  the 
tropics  the  air,  when  at  its  highest  temperature,  is  warmer  than  the 
water,  but  that  its  mean  diurnal  temperature  is  lower  than  that  of 
the  water.  [The  temperature  of  the  air  and  water  was  observed 
every  4  hours  by  Captain  Duperrey ;  and  in  1860  observations  made 
between  0°  and  20°  lat.  N.  and  S.,  during  his  voyage  round  the  world, 
the  sea  was  found  warmer  than  the  air  1371  times,  and  the  air 
warmer  than  the  sea  only  479  times.] 

In  latitudes  between  25°  and  50°  the  temperature  of  the  air  is 
very  rarely  higher  than  that  of  the  water,  and  in  the  polar  repions 
the  air  is  never  found  as  warm  as  the  surface  of  the  water.  It  is, 
on  the  contrary,  in  general  at  a  very  much  lower  temperature. 

2204.  Interchange  of  eguatoricd  and  polar  waters.  —  Much  un- 
certainty prevails  as  to  the  thermal  phenomena  manifested  in  the 
vast  collections  of  water  which  cover  the  greater  part  of  the  surface 
of  the  globe.  It  appears,  however,  to  be  admitted  that  the  currents 
caused  by  the  difference  of  the  pressures  of  strata  at  the  same  level 
in  the  polar  and  equatorial  seas,  produce  an  interchange  of  waters, 
which  contributes  in  a  great  degree  to  moderate  the  extreme  thermal 
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effeeto  of  Umm  regions,  the  canent  from  the  pole  redacing  the  tern- 
penlure  of  the  equatorial  waters,  and  that  from  the  line  raising  the 
temperatmre  of  the  polar  waters  and  contributing  to  the  fusion  of 
the  iee.  A  superficial  current  directed  from  the  line  towards  the 
poles  carries  to  the  colder  regions  the  heated  waters  of  the  tropics, 
while  a  counter  current  in  the  inferior  strata  carries  from  the  poles 
towards  the  line  the  colder  waters.  Although  the  prevalence  of 
these  CTrrents  maj  be  regarded  as  established,  thej  are  nevertheless 
modified,  both  in  their  intensity  and  direction,  by  a  multitude  of 
causes  connected  with  the  depth  and  form  of  the  bottom,  and  the  local 
influence  of  winds  and  tides. 

2206.  Polar  tee. — The  stupendous  mass  of  water  in  the  solid 
state  which  forms  an  eternal  crust  encasing  the  regions  of  the  globe 
immediately  around  the  poles,  presents  one  of  tlie  grandest  and  most 
imposing  classes  of  natural  phenomena.  The  observations  and  re- 
searches of  Captain  Seoresby  have  supplied  a  great  mass  of  valuable 
information  in  this  department  of  physical  geography. 

2206.  Extent  and  character  of  the  icejields.  —  Upon  the  coasts 
cf  Spitsbergen  and  Greenland  vast  fields  of  ice  are  found,  the  extent 
of  which  amounts  to  not  less  than  thirty  to  fifty  hundred  square 
miles,  the  thickness  varying  from  twenty  to  twenty-five  feet.  [Some 
of  the  fields  of  ice  observed  by  Captain  Seoresby  were  nearly  a  hun- 
dred miles  in  length,  and  more  than  half  that  breadth.]  The  sur- 
£ioe  is  sometimes  so  even  that  a  sledge  can  run  without  difficulty  for 
an  hundred  miles  in  the  same  direction.  It  is,  however,  in  some 
places,  on  the  contrary,  as  uneven  as  the  surface  of  land,  the  masses 
of  iee  collecting  in  columns  and  eminences  of  a  variety  of  forms, 
rising  to  heights  of  from  twenty  to  thirty  feet,  and  presenting  the 
most  striking  and  picturesque  appearances.  These  prodigious  crys- 
tals sometimes  exhibit  gorgeous  tints  of  greenish  blue,  resembling 
the  topaz,  and  sometimes  this  is  varied  by  a  thick  covering  of  snow 
upon  their  summits,  which  are  marked  by  an  endless  variety  of  form 
and  cNitline. 

2207-  Production  of  tcehergB  hy  their  fracture,  —  These  vast  ice 
fields  are  sometimes  suddenly  broken,  by  the  pressure  of  the  sub- 
jacent waters,  into  fragments  presenting  a  surface  of  from  100  to 
200  square  yards.  These  being  dispersed,  are  carried  in  various 
dir^rtions  by  currents,  and  sometimes  by  the  effect  of  intersecting 
currents  they  are  brought  into  collision  with  a  fearful  crash.  A  ship 
which  might  chance  in  such  a  case  to  be  fouod  between  them  could 
no  more  resist  their  force  than  could  a  glass  vessel  the  effect  of  a 
cannon  ball.  Terrible  disasters  occur  from  time  to  time  from  this 
cause.  It  is  by  the  effects  of  these  currents  upon  the  floating  masses 
of  broken  ice  Uiat  these  seas  are  opened  to  the  polar  navigators.  It 
ii  thus  that  whalers  are  enabled  to  reach  the  parallels  from  70^  to 
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80^,  which  are  the  fayourite  resort  of  ihose  monsten  of  the  deep 
which  they  pursue. 

2208.  Their  forms f  and  magnitude,  —  Sometimes  after  such  col- 
lisioDs  new  icebergs  arise  from  the  fragments  which  are  heaped  oDe 
upon  another,  <<  Pelion  on  Ossa/'  more  stupendous  still  than  those 
which  have  been  broken.  In  such  oases  the  masses  which  result 
assume  forms  infinitely  yarious,  rising  often  to  an  elevation  of  thirty 
to  fifty  feet  above  the  surface  of  the  water;  and  since  the  weight  of 
ice  is  about  four-fifths  of  the  weight  of  its  own  bulk  of  water  (787), 
it  follows  that  the  magnitude  of  these  masses  submerged  is  four 
times  as  great  as  that  which  is  above  the  sur&oe.  The  total  height 
of  these  floating  icebergs,  therefore,  including  the  part  submerged, 
must  be  from  150  to  250  feet. 

2209.  Sunken  icebergs,  —  It  happens  sometimes  that  two  such 
icebergs  resting  on  the  extremities  of  a  fragment  of  ice  100  or  120 
feet  in  length,  keep  it  sunk  at  a  certain  depth  below  the  surface  of 
the  water.  A  vessel  in  such  cases  may  sail  between  the  icebergs 
and  over  the  sunken  ice ;  but  such  a  course  is  attended  with  the 
greatest  danger,  for  if  any  accidental  cause  should  detach  either  of 
the  icebergs  which  keep  down  the  intermediate  mass  while  the  ship 
b  passing,  the  latter  by  its  buoyancy  will  rise  above  the  surface,  and 
will  throw  up  the  ship  with  irresistible  force. 

2210.  Singular  effects  of  their  superficial  fusion, — ^Icebergs  are 
observed  in  Baffin's  Bay  of  much  greater  magnitude  than  off  the 
coast  of  Greenland.  They  rise  there  frequently  to  the  height  of 
100  to  130  feet  above  the  surface,  and  their  total  height,  including 
the  part  immersed,  must  therefore  amount  to  500  or  650  feet.  These 
masses  appear  generally  of  a  beautiful  blue  colour,  and  having  all 
the  transparency  of  crystals.  During  the  summer  months,  when 
the  sun  in  these  high  latitudes  never  sets,  a  superficial  fusion  is  pro- 
duced, which  causes  immense  cascades,  which,  descending  from  their 
summit  and  increasing  in  volume  as  they  descend,  are  precipitated 
into  the  sea  in  parabolic  curves.  Sometimes,  on  the  approach  of  the 
cold  season,  these  liquid  arches  are  seized  and  solidified  by  the  in- 
tensity of  the  cold  without  losing  their  form,  and  seem  as  if  caught 
in  their  fiight  between  the  brink  firom  which  they  were  projected  and 
the  surface,  and  suddenly  congealed.  These  stupendous  arches, 
however,  do  not  always  possess  cohesion  in  proportion  to  their  weight^ 
and  after  augmenting  in  volume  to  a  certain  limit,  sink  under  their 
weighty  and,  breaking  with  a  terrific  crash,  fiill  into  the  sea. 

2211.  Depth  of  polar  seas, — The  depth  of  the  seas  off  the  coast 
of  Greenland  is  not  considerable.  Whales,  being  harpooned,  often 
plunge  in  their  agony  to  the  bottom,  carrying  with  them  the  harpoon 
and  line  attached  to  it.  When  they  fioat  they  bear  upon  their  bodies 
evidence  of  having  reached  the  bottom  by  the  impression  they  re- 
tain of  it;  and  the  length  of  line  they  carry  with  them  in  such  ( 
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Bfaoirs  thai  tbe  deptli  does  not  exceed  8000  or  4000  feet.  About  the 
middle  of  the  space  between  Spifzbcrgen  and  Greenland  the  sound- 
ings haTe  reached  8000  feet  without  finding  bottom. 

2212.  Cvld  of  the  polar  regiims.  —  The  degree  of  cold  of  the 
polar  regions^  like  the  temperature  of  all  other  parts  of  the  globe, 
depends  on  the  extent  and  depth  of  the  seas.  If  there  be  extensive 
tracts  of  sarfaee  not  covered  by  water,  or  covered  only  by  a  small 
depth,  the  influence  of  the  water  in  moderating  and  equalizing  the 
tempentore  is  greatly  diminished.  Hence  it  is  that  the  temperature 
of  the  Boath  polar  regions  is  more  moderate  than  that  of  the  north. 
After  passing  the  latitude  of  the  New  Orcades  and  the  New  Shet- 
lands,  which  form  a  barrier  of  ice,  the  navigator  enters  an  open  fiea, 
which,  according  to  all  appearance,  extends  to  the  pole.  Much,  how- 
ever, still  remains  to  be  discovert  respecting  the  physical  condition 
of  these  regions. 

221B.  Soiar  and  celestial  heat — Whatever  may  be  the  sources 
of  internal  beat,  the  globe  of  the  earth  would,  after  a  certain  time, 
be  reduced  to  a  state  of  absolute  cold,  if  it  did  not  receive  firom  ex- 
ternal soarces  the  quantity  of  heat  necessary  to  repair  its  losses.  If 
the  globe  were  suspended  in  space,  all  other  bodies  from  which  heat 
eoold  be  supplied  to  it  being  removed,  the  heat  which  now  pervades 
the  earth  and  its  surrounding  atmosphere  would  be  necessarily  dissi- 
pafled  by  ladiation,  and  would  thus  escape  into  the  infinite  depths  of 
s^paee.  The  temperature  of  the  atmosphere,  and  those  of  the  sue- 
oeaare  strata,  extending  from  the  snrfaoe  to  the  centre  of  the  globe, 
woald  thus  be  continually  and  indefinitely  diminished. 

As  no  such  &11  of  temperature  takes  place,  and  as,  on  the  con- 
iraij,  the  mean  temperature  of  the  globe  is  maintained  at  an  inva- 
riable standard,  the  vanations  incidental  to  season  and  climate  being 
aU  periodical,  and  producing  in  their  ultimate  result  a  mutual  com- 
penndoD,  it  remains  to  be  shown  from  what  sources  the  heat  is 
deriTed  which  maintains  the  mean  temperature  of  the  globe  at  this 
invariable  standard,  notwithstanding  the  large  amount  of  heat  which 
it  losea  by  radiation  into  the  surrounding  space. 

All  the  bodies  of  the  material  universe,  which  are  distributed  in 
coondefiB  numbers  throughout  the  infinitude  of  space,  are  sources  of 
beat^  and  centres  from  which  that  physical  agent  is  radiated  in  all 
directions.  The  effect  produced  by  the  radiation  of  each  of  these 
diminishes  in  the  same  proportion  as  the  square  of  its  distance  in- 
creases. The  fixed  stars  are  bodies  analogous  to  our  sun,  and  at  dis- 
tances so  enormous  that  the  efiPect  of  the  radiation  of  any  individual 
star  18  altogether  insensihle.  When,  however,  it  is  considered  that 
the  multatnde  of  these  stars  spread  over  the  firmament  is  so  prodi- 
gioiis  that  in  some  places  many  thousand  are  crowded  together  within 
a  spaee  no  greater  than  that  occupied  by  the  disc  of  the  full  moon, 
it  will  not  be  matter  of  surprise  that  the  feebleness  of  thermal  in- 
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flnenoe,  due  to  their  immense  distaBoes,  is  compensated  to -a  great 
extent  by  their  countless  number;  and  that,  consequently,  their  calo- 
rific effects  in  those  regions  of  space  through  which  the  earth  passes 
in  its  annual  course  is,  as  will  presently  appear,  not  only  far  from 
being  insensible,  but  is  very  little  inferior  to  the  calorific  power  of 
the  sun  itself. 

We  are,  then,  to  consider  the  waste  of  heat  which  the  earth  suffers 
by  radiation  as  repaired  by  the  heat  which  it  receives  from  two 
sources,  the  sun  and  the  stellar  universe ;  and  it  remains  to  explain 
what  is  the  actual  quantity  of  heat  thus  supplied  to  the  earth,  and 
what  proportion  of  it  is  due  to  each  of  these  causes. 

2214.  Quantity  of  heat  emitted  by  the  mn. — An  elaborate  series 
of  experiments  were  made  by  M.  Pouillet,  and  concluded  in  1838, 
with  the  view  of  obtaining,  by  means  independent  of  all  hypothesis 
as  to  the  physical  character  of  the  sun,  an  estimate  of  the  actual 
calorific  power  of  that  luminary.  A  detailed  report  of  these  obser- 
vations and  experiments,  and  an  elaborate  analysis  of  the  results 
derived  from  them,  appeared  in  the  Transactions  of  the  Academy  of 
Sciences  of  Paris  for  that  year. 

It  would  be  incompatible  with  the  elementary  nature  and  the  con- 
sequent limits  of  this  work,  to  enter  into  the  details  of  these  re- 
searches. We  shall,  therefore,  confine  ourselves  here  briefly  to  state 
their  results. 

*  When  the  firmament  is  quite  unclouded,  the  atmosphere  absorbs 
about  one-fourth  of  the  heat  of  those  solar  rays  which  enter  it  ver- 
tically. A  greater  absorption  takes  place  for  rays  which  enter  it 
obliquely,  and  the  absorption  is  augmented  in  a  certain  ascertained 
proportion,  with  the  increase  of  obliquity.  It  results  from  the  ana- 
lysis of  the  results  obtained  in  the  researches  of  M.  Pouillet,  that 
about  forty  per  cent,  of  all  the  heat  transmitted  by  the  sun  to  the 
earth,  is  absorbed  by  the  atmosphere,  and  that  consequently  only 
sixty  per  cent,  of  this  heat  reaches  the  surface.  It  must,  however, 
be  observed  that  a  part  of  the  radiant  heat,  intercepted  by  the  atmo- 
sphere,  raising  the  temperature  of  the  ajr,  is  afterwards  transmitted, 
as  well  by  radiation  as  by  contact,  from  the  atmosphere  to  the  earth. 

By  means  of  direct  observation  and  experiment  made  with  instrn- 
ments  contrived  by  him,  called  pyrheliometers,  by  means  of  which 
the  heat  of  the  solar  radiation  was  made  to  affect  a  known  weight  of 
water  at  a  known  temperature,  M.  Pouillet  ascertained  the  actual 
quantity  of  heat  which  the  solar  rays  would  impart  per  minute  to  a 
surface  of  a  given  magnitude,  on  which  they  would  fall  vertically. 
This  being  determined,  it  was  easy  to  calculate  the  quantity  of  heat 
imparted  by  the  sun  in  a  minute  to  the  hemisphere  of  the  earth  which 
is  presented  to  it,  for  that  quantity  is  the  same  which  would  be  im- 
arted  to  the  surface  of  the  great  circle  which  forms  the  base  of  that 
here,  if  the  solar  rays  were  incident  perpendicularly  upon  it. 
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22lb,  Solar.heai  at  the  earth  would  meU  a  sheR  of  ice  100  feet 
thick  in  a  year. — ^In  this  manner  it  was  ascertained  by  M.  Pouillet, 
that  if  the  totd  quantity  of  heat  which  the  earth  receives  from  the 
son  in  a  year  were  uniformly  diffused  over  all  parts  of  the  surface, 
and  were  completely  absorbed  in  the  fusion  of  a  shell  of  ice  encrust- 
mg  the  globe,  it  would  be  sufBcient  to  liquefy  a  depth  of  100  feet 
of  auch  shell. 

Sinoe  a  cubic  foot  of  ice  weighs  54  lbs.,  it  follows  that  the  average 
annoal  supply  of  heat  received  from  the  sun  per  square  foot  of  the 
earth's  sur&oe  would  be  sufficient  to  dissolve  5400  lbs.  weight  of  ice. 

2216.  Caieuiation  of  the  actual  quantity  of  Jieat  emitted  by  the 
fKR.  —  This  6ct  being  ascertained  supplies  the  means  of  calculating 
the  quantity  of  heat  emitted  from  the  surface  of  the  sun,  independ- 
oitly  of  any  hypothesis  respecting  its  physical  constitution. 

It  is  evident  fi!om  the  uniform  calorific  eflfects  produced  by  the 
solar  rays  at  the  earth,  while  the  sun  revolves  on  its  axis,  exposing 
Boceeflsiyely  every  side  to  the  earth  in  the  course  of  about  twenty- 
five  days,  that  the  calorific  emanation  from  all  parts  of  the  solar  sur- 
&£e  is  die  same.  Assuming  this,  then,  it  will  follow,  that  the  heat 
whidi  the  surface  of  a  sphere  surrounding  the  sun  at  the  distance 
fA  the  earth  would  receive  would  be  so  many  times  more  than  the 
heat  received  by  the  earth  as  the  entire  surface  of  such  sphere  would 
be  greater  than  that  part  of  it  which  the  earth  would  occupy.  The 
catenlation  of  this  is  a  simple  problem  of  elementary  geometry. 

But  sneh  a  spherical  surface  surrounding  the  sun  and  concentrical 
with  it,  would  necessarily  receive  all  the  heat  radiated  by  that  lumi- 
naiy,  and  the  result  of  the  calculation  proves  that  the  quantity  of 
hetX  emitted  by  the  sun  per  minute  is  such  as  would  suffice  to  dis- 
BolTe  a  shell  of  ice  enveloping  the  sun,  and  having  a  thickness  of 
^■ff  feet;  and  that  the  heat  emitted  per  day  would  dissolve  such  a 
shell,  having  a  thickness  of  55748  feet,  or  about  10)  miles. 

2217.  Heai  at  sun's  surface  seven  times  as  intense  as  that  of  a 
Uast  furnace, — ^The  most  powerful  blast  furnaces  do  not  epiit  for  a 
g^ven  extent  of  fire  surfiioe  more  than  the  seventh  part  of  this 
quantity  of  heat.  It  must  therefore  be  inferred  that  each  square 
foot  of  the  surface  of  the  sun  emits  about  seven  times  as  much  heat 
as  b  issaed  by  a  square  foot  of  the  fire  surface  of  the  fiercest  blast 
fhmaoe. 

2218.  Temperature  of  the  celestial  spaces. — When  the  surface  of 
the  earth  during  the  night  is  exposed  to  an  unclouded  sky,  an  inter- 
change of  heat  takes  place  by  radiation.  It  radiates  a  certain  part 
of  the  heat  which  pervades  it,  and  it  receives,  on  the  other  hand, 
the  heat  radiated  from  two  sources,  1st,  from  the  strata  of  atmo- 
sphere, extending  from  the  surface  of  the  earth  to  the  summit  of 
the  atmospheric  column,  and  2d,  from  the  celestial  spaces,  which  lie 
ontode  tliis  limit,  and  which  receive  their  heat  from  the  radiation 


48  HliTEOBOLOGT. 

of  the  oountlesB  numbers  of  suns  which  compose  the  gtelhur  uniyerse. 
M.  Poaillety  by  a  series  of  ingeniously  contrived  experiments  and 
observations^  made  with  the  aid  of  an  apparatus  contrived  by  him, 
called  an-  acHnometer,  has  been  enabled  to  obtain  an  approzimato 
estimate  of  the  proportion  of  the  heat  received  by  the  earth  which 
is  due  to  each  of  these  two  sources,  and  thereby  to  determine  the 
actual  temperature  of  the  region  of  space  through  which  the  earth 
and  planets  move.  The  objects  and  limits  of  this  work  do  net  per- 
mit us  to  give  the  details  of  these  researches,  and  we  must  therefore 
confine  ourselves  here  to  the  statement  of  their  results. 

It  appears  from  the  observations,  that  the  actual  temperature  of 
space  is  included  between  the  minor  limit  of  315^,  and  the  major 
limit  of  207°  below  the  temperature  of  melting  ice,  or  between  — 283** 
and  — 175°  Fahr.  At  what  point  between  these  limits  the  real  tem- 
perature lies,  is  not  yet  satisfiictorily  ascertained,  but  M.  Pouillet 
thinks  that  it  cannot  difier  much  from  — 224°  Fahr. 

2219.  SIbcU  received  hy  earth  from  cdestial  tpace  would  mell,  t«t 
a  year  J  eighty-five  feet  thick  of  ice. — It  is  proved  from  these  results, 
that  the  quantity  of  heat  imparted  to  the  earth  in  a  year,  by  the  ra- 
diation of  the  celestial  space,  is  such  as  would  liquefy  a  spherical 
shell  of  ice,  covering  the  entire  surface  of  the  earth,  the  thickness 
of  which  would  be  eighty-five  feet,  and  that  forty  per  cent,  of  this 
quantity  is  absorbed  by  the  atmosphere. 

Thus  the  total  quantity  of  heat  received  annually  by  the  earth  is 
such  as  would  liquefy  a  spherical  shell  of  ice  185  feet  thick,  of  which 
100  feet  are  due  to  the  sun,  and  85  feet  to  the  heat  which  emanates 
from  the  stellar  universe. 

The  fact  that  the  celestial  spaces  supply  very  little  less  heat  to 
the  earth  annually  than  the  sun,  may  appear  strange,  when  the  very 
low  temperature  of  these  spaces  is  considered,  a  temperature  180^ 
lower  than  the  cold  of  the  pole  during  the  presence  of  the  sun.  It 
must,  however,  be  remembered  that  while  the  space  from  which  the 
solar  radiation  emanates  is  only  that  part  of  the  firmament  occupied 
by  the  disc  of  the  sun,  that  from  which  the  celestial  radiation  pro* 
ceeds  is  the  entire  celestial  sphere,  the  area  of  which  is  about  two 
hundred  thousand  times  greater  than  the  solar  disc.  It  will  there- 
fore cease  to  create  surprise,  that  the  collective  effect  of  an  area  so 
extensive  should  be  little  short  of  that  of  the  sun. 

The  caloric  effect  due  to  the  solar  radiation,  according  to  the  cal- 
culations and  observations  of  M.  Pouillet,  exceeds  that  which  resulted 
from  the  formulsB  of  Poisson.  These  formulse  were  obtained  from 
the  consideration  of  the  variation  of  the  temperature  of  the  strata 
of  the  earth  at  different  depths  below  the  surface.  M.  Pouillet 
thinks  that  the  results  proceeding  from  the  two  methods  would  be 
brought  into  accordance  if  the  influence  of  the  atmosphere  on  solar 
heat,  which,  as  appears  from  what  has  been  explained,  is  very  con- 
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ndenble,  oonld  be  introduced  in  a  more  direct  manner  into  Pois- 
soq'b  formolaB. 

2220.  Summary  of  the  thermal  effecU. — In  fine,  therefore,  the 
reaeaichea  of  M.  Pomllet  give  the  following  results,  which  must  be 
reeeiTed  as  mere  approzimations,  snbject  to  correction  by  future 
observation : 

IsL  That  the  sun  supplies  the  earth  annually  with  as  much  heat 
as  would  liquefy  100  feet  thick  of  ice  covering  the  entire  globe. 

2d.  That  the  celestial  spaces  supply  as  much  as  would  liquefy  85 
feet  thick. 

3d.  That  40  per  cent,  of  the  one  and  the  other  supply  is  absorbed 
by  the  atmosphere,  and  60  per  cent,  received  by  the  earth. 

4th«  That  of  the  heat  radiated  by  the  earth,  90  per  cent,  is  inter- 
cepted by  the  atmosphere,  and  10  per  cent,  dispersed  in  space. 

5th.  That  the  heat  evolved  on  the  surface  of  the  sun  in  a  day 
would  liquefy  a  shell  of  ice  10^  miles  thick,  enveloping  the  sun,  and 
the  intensity  of  the  solar  fire  is  seven  times  greater  than  that  of  the 
fiercest  blast  furnace. 

6th.  That  the  temperature  of  space  outside  the  atmosphere  of  the 
earth  is  —224''  Fahr.,  or  256''  below  that  of  melting  ice. 

7th.  That  the  solar  heat  alone  constitutes  only  two-thirds  of  the 
entire  quantity  of  heat  supplied  to  the  earth  to  repair  its  thermal 
ksses  by  terr^tiial  radiation ;  and  that  without  the  heai  supplied  by 
steDar  ndiation,  the  temperature  of  the  earth  would  fall  to  a  point 
which  woold  be  incompatible  with  organic  life. 


CHAP.  11. 

THE  AUt  AltD  ATMOSPHERIO  YAPOUBS. 

2221.  Periodical  changes  in  the  atmotphertc pressure.  —The  pe- 
riodical chanps  to  which  the  pressure  of  the  atmosphere  is  subject, 
and  the  principal  causes  which  produce  them,  have  been  already  briefly 
indicated  (719.  et  seq.).  We  shall  now  explain  more  fully  some  of 
the  more  important  of  these  phenomena. 

It  has  been  customary  in  these  climates  to  observe  and  register  the 
facLzhfc  of  the  barometric  column  four  times  a  day,  at  9  a.  M.,  at  noon, 
at  f  P.M.,  and  at  9  p. M. 

The  mean  monthly  and  mean  annual  heights  are  obtained  from  a 
eomparison  of  the  noon  observations.  The  diurnal  period  is  obtained 
from  a  comparison  of  the  morning  and  afternoon  observations. 

2222.  liean  annual  height  of  barometer.  — The  mean  height  of 
the  barometer  at  Paris^  obtained  from  observations  continued  from 
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1816  to  1886,  has  been  uoertained  to  be  29-764  inebes  [756-"]. 
Tbe  mean  annual  beigbt  during  this  period  did  not  vary  go  mneb  as 
twelve  bnndredtbs  of  an  incb. 

2223.  Effect  of  winds  an  the  haromeertc  column,  — It  baa  been 
found  that  tbe  Imrometric  eolnnm  is  affected  by  tbe  direction  and 
continuance  of  the  wind,  but  these  effects  are  not  the  same  in  all 
localities.  At  Paris,  the  beigbt  is  greatest  when  the  wind  blows 
from  the  north  or  north-east,  and  least  when  from  tbe  south  and 
south-west.  The  extreme  difference  of  the  mean  heights  during 
such  winds  was  found  to  be  twenty-seven  hundredths  of  an  inch. 
Obi^ervations  made  at  Mets  [for  nine  years]  by  Schuster  gave  a  like 
result,  but  with  a  little  less  difference.  At  Marseilles,  however,  no 
such  effect  has  been  observed,  but  rather  a  tendency  to  a  contrary 
change,  the  height  being  generally  above  tbe  mean  in  southerly 
winds,  and  below  it  in  north-westerly. 

2224.  Diurnal  variations  of  the  barometer.  —  A  long  series  of 
observations  on  the  diurnal  changes  in  tbe  barometer  establish  tbe 
existence  of  two  periods,  a  period  of  decrease  from  9  A.  M.  to  8  P.  M., 
and  a  period  of  increase  from  3  P.  M.  to  9  P.  M.  The  mean  amount 
of  the  former,  taken  from  eleven  years'  observation  at  Paris,  was 
00294  in.,  and  of  tbe  latter  0*0146  in.  The  decrease  from  9  A.  m. 
to  8  p.  M.  is  therefore  less  than  tbe  thirtieth  of  an  incb,  and  the  in- 
crease from  8  P.  M.  to  9  P.  M.  less  than  the  sixtieth  of  an  inch. 

A  comparison  of  these  variations  in  different  seasons  of  tbe  year 
shows  that  the  increase  of  the  evening  is  subject  to  very  minute  and 
irregular  changes,  but  that  the  changes  of  the  decrease  in  the  morn- 
ing are  both  more  considerable  and  more  regular,  the  amount  of  the 
decrease  being  always  least  in  November,  December,  and  Januaij, 
and  greatest  in  February,  March,  and  April,  [and  of  an  intermediate 
and  variable  value  durine  the  remaining  six  months  of  the  year.] 

During  the  night  the  barometer  falls  from  9  p.  M.  to  4  a.m.,  and 
rises  from  4  a.m.  to  9  A.  M.,  [when  it  attains  its  maximum.] 

2225.  The  winde.  —  No  meteorological  phenomenon  has  bad  so 
many  observers,  and  there  is  none  of  which  tbe  theory  is  so  little 
understood,  as  the  winds.  The  art  of  navigation  has  produced  in 
every  seaman  an  observer,  profoundly  interested  in  the  discovery  of 
the  laws  which  govern  a  class  of  phenomena,  upon  the  knowledge 
of  which  depends  not  only  his  professional  success  but  his  personal 
aecurity,  and  the  lives  and  property  committed  to  bis  charge. 

Tbe  chief  part  of  tbe  knowledge  which  has  been  collected  respect- 
ing tbe  causes  which  produce  these  atmospheric  currents  is  derived, 
nevertheless,  much  more  from  the  comparison  of  the  registers  of 
observatories  than  from  the  practical  experience  of  mariners. 

2226.  Winds  propagated  by  compression  and  rarefaction. — Winds 
are  propagated  either  by  compression  or  by  rarefaction.  In  the 
former  case  they  are  developed  in  the  same  direction  in  which  they 
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bl<nr;  in  the  latter  case  they  are  deyelq)ed  in  the  contrarj  direction. 
To  render  this  intelligible,  let  ns  imagine  a  column  of  air  included  in 
a  tabe.  If  a  piston  inserted  in  one  end  of  the  tube  be  driven  from 
the  month  inwards,  the  air  contiguous  to  it  will  be  compressed,  and 
this  portion  of  air  will  compress  the  succeeding  portion,  and  so  on ; 
the  compresfflon  being  propagated  from  the  end  at  which  the  piston 
enters  toward  the  opposite  end.  The  remote  end  being  open,  the  air 
will  flow  in  a  current  driven  before  the  piston  in  the  same  direction 
in  which  the  compression  is  propagated. 

If  we  imagine,  on  the  other  hand,  a  piston  inserted  in  the  tube  at 
some  distance  from  its  mouth,  to  be  drawn  outwards  toward  the 
month,  the  air  behind  it  will  expand  into  the  space  deserted  by  the 
piston,  and  a  momentary  rarefaction  will  be  produced.  The  next 
portion  of  air  will  in  like  manner  follow  that  which  is  next  the 
piston,  the  rarefaction  which  begins  at  the  piston  being  propagated 
bad[ wards  through  the  tube  in  a  direction  contrary  to  the  motion  of 
the  piston  and  that  of  the  current  of  air  which  follows  it. 

What  is  here  supposed  to  take  place  in  the  tube  is  exhibited  on  a 
Isrger  scale  in  the  atmosphere.  Any  physical  cause  which  produces 
a  compression  of  the  atmosphere  from  north  to  sooth  will  produce  a 
north  wind ;  and  any  cause  which  produces  a  rarefaction  from  north 
to  south  will  produce  a  south  wind. 

2227.  Effect  of  wdden  condematum  of  vapour.  —  Of  all  the 
causes  by  which  winds  are  produced,  the  most  frequent  is  the  sudden 
condensation  of  vapour  suspended  in  the  atmoBphere.  In  general 
the  atmosphere  above  us  consists  of  a  mixture  of  air  properly  so 
called,  and  water,  either  in  the  state  of  vapour,  or  in  a  vesicular 
state,  the  nature  and  origin  of  which  has  not  yet  been  clearly  ascer- 
tained.  In  either  case  its  sudden  conversion  into  the  liquid  state, 
asd  its  consequent  precipitation  to  the  earth,  leaves  the  space  it  occu- 
pied in  the  atmosphere  a  vacuum,  and  a  corresponding  rarefaction  of 
the  air  previously  mixed  with  the  vapour  ensues.  The  adjacent 
strata  immediately  rush  in  to  re-establish  the  equilibrium  of  pneu- 
matic pressure,  and  winds  are  consequently  produced. 

The  propagation  of  winds  by  rarefaction  manifested  in  directions 
eoDtrary  to  that  of  the  winds  themselves,  is  common  in  the  North 
of  Europe.  Wargentin  gives  various  examples  of  this.  When  a 
west  wind  springs  up,  it  is  felt,  he  observes,  at  Moscow  before  it 
reaches  Abo,  although  the  latter  city  is  four  hundred  leagties  west 
of  Moscow,  and  it  does  not  reach  Sweden  until  after  it  has  passed 
OTcr  Finland. 

[Dr.  Franklin  appears  to  have  been  the  first  to  observe  this  mode 
of  propagation  of  winds  and  storms.  He  relates,  in  his  letters^  that, 
haring  wished  to  observe  an  eclipse  of  the  moon  at  Philadelphia,  be 
was  prevented  by  a  north-eaaterly  storm,  which  commenced  about 
7  c^dock,  P.  M.     fie  was  surprised,  some  days  after,  to  learn  that  at 
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Boston^  situated  about  300  miles  to  the  northreoii  of  Philadelphia, 
the  storm  did  not  commence  until  11  o'clock^  p.m.,  long  after  the 
observation  of  the  first  phases  of  the  eclipse;  and,  comparing  toge- 
ther the  reports  collected  in  the  diflPerent  colonies,  he  found  that  this 
northrccuterly  storm  was  propagated  for  the  iouth-toest.'] 

2228.  Hurricanes,  —  The  intertropical  regions  are  the  theatre  of 
hurricanes.  It  is  there  only  that  these  atmospheric  commotions  are 
displayed  in  all  their  terrors.  In  the  temperate  zone  tempests  are 
not  only  more  rare  in  their  occurrence  but  much  less  yiolent  in  their 
force.  In  the  circumpolar  zone  the  winds  seldom  acquire  the  force 
which  would  justify  the  title  of  a  storm. 

The  hurricanes  of  the  warm  climates  spread  over  a  considerable 
width,  and  extend  through  a  still  more  considerable  length.  Soine 
are  recorded  which  have  swept  over  a  distance  of  four  or  five  hun- 
dred leagues,  with  a  nearly  uniform  violence. 

It  is  only  by  recounting  the  efiects  produced  by  these  vast  com- 
motions of  the  atmospheric  ocean,  that  any  estimate  can  be  formed  of 
the  force  which  air,  attenuated  and  light  as  that  fluid  is,  may  acquire 
when  a  great  velocity  is  given  to  it.  In  hurricanes  such  as  that 
which  took  place  at  Guadeloupe  on  the  25th  July,  1825,  houses  the 
most  solidly  constructed  were  overthrown.  A  new  building  erected 
in  the  most  durable  manner  by  the  government  was  rased  to  the 
ground.  Tiles  carried  from  the  roof  were  projected  against  thick 
doors  with  such  force  as  to  pass  through  them  like  a  cannon  ball. 
A  plank  of  wood  S^  feet  long,  9  inches  wide,  and  an  inch  thick, 
was  projected  with  such  force  as  to  cut  through  -a  branch  of  palm 
wood  18  inches  in  diameter.  A  piece  of  wood  15  feet  lone  and  8 
inches  square  in  its  cross  section,  was  projected  upon  a  hard  paved 
road,  and  buried  to  a  depth  of  more  than  three  feet  in  it.  A  strong 
iron  gate  in  front  of  the  governor's  house  was  carried  away,  and 
three  twenty-four  pounders  erected  on  the  fort  were  dismounted. 

2229.  The  probable  causes  explained,  — ^^These  effects,  prodigioas 
as  they  are,  all  arise  from  mechanical  causes.  There  is  no  agent 
engaged  in  hurricanes  more  subtle  than  the  mechanical  force  of  air 
in  motion,  and  since  the  weight  and  density  of  the  air  suffer  no  im- 
portant change,  the  vast  momentum  manifested  by  such  effects  as 
those  described  above,  must  be  ascribed  altogether  to  the  extraordi- 
nary velocity  imparted  to  the  air  by  the  magnitude  of  the  local 
vacuum  produced,  as  already  stated,  by  the  sudden  condensation  of 
vapour.  To  form  some  approximate  estimate  of  this  it  may  be  stated 
that,  in  the  intertropical  regions,  a  fall  of  rain  often  takes  place  over 
a  vast  extent  of  surface,  sufficient  in  quantity  to  cover  it  with  a  stra- 
tum of  water  more  than  an  inch  in  depth.  If  such  a  fall  of  riun 
were  to  take  pkce  over  the  extent  of  a  hundred  square  leagues,  as 
sometimes  happens,  the  vapour  from  which  such  a  quantity  of  liquid 
would  be  produced  by  condensation  would,  at  the  temperature  of 
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only  50^,  occupy  a  volame  100,000  tiroes  greater  than  that  of  the 
liquid;  and,  consequently,  in  the  atmosphere  over  the  surface  of 
100  square  leagues  it  would  fill  a  space  9000  feet,  or  nearly  two 
miles  in  length.  The  extent  of  the  vacuum  produced  by  its  conden- 
sation would  be  a  volume  nearly  equal  to  200  cubic  miles,  or  to  the 
volume  of  a  column  whose  base  is  a  square  mile  and  whose  height 
is  200  miles. 


2230.  Water  spouts  and  land  spouts. — These  phenomena,  called 
water  or  land  spouts  according  as  they  are  manifested  at  sea  or  on 
land,  consist  apparently  of  dense  masses  of  aqueous  vapour  and  air, 
having  at  once  a  gyratory  and  progressive  motion,  and  resembling  in 
form  a  conical  cloud,  the  base  of  which  is  presented  upwards,  and 
the  vertex  of  which  generally  rests  upon  the  ground,  but  sometimes 
assumes  a  contrary  position.  This  phenomenon  is  attended  with  a 
sound  like  that  of  a  waggon  rolling  on  a  rouffh  pavement. 

Violent  mechanical  effects  sometimes  attend  these  meteors.  Large 
trees  torn  np  by  the  roots,  stripped  of  their  leaves,  and  exhibiting 
air  the  appearances  of  having  been  struck  by  lightning,  are  pro- 
jected to  great  distances.  Houses  are  often  thrown  down,  unroofed, 
and  otherwise  injured  or  destroyed,  when  they  lie  in  the  course  of 
these  meteors.  Bain,  hail,  and  frequently  globes  of  fire,  like  the 
ball  lightning,  also  accompany  them. 

The  various  appearances  ex- 
hibited by  water  spouts  are  repre« 
sented  in  /ig.  669. 

No  satisfiictory  theory  has  yet 
connected  these  phenomena  with  the 
general  laws  of  physics. 

223 1.  Evaporation  from  the  $ur^ 
/ace  of  water. — If  the  surface  of 
a  sea,  lake,  or  other  large  collection 
of  water,  were  exposed  to  the  atmo- 
sphere consisting  of  pure  air  without 
any  admixture  of  vapour,  evapora- 
tion would  immediately  commence, 
and  the  vapour  developed  at  the  sur- 
face of  the  water  would  ascend  into 
and  mix  with  the  atmosphere.  The 
pressure  of  the  atmosphere  would  then  be  the  sum  of  the  pressures 
of  the  atmosphere,  properly  so  called,  and  of  the  vapour  suspended 
in  it,  mnce  neither  of  these  elastic  fluids  can  augment  or  diminish 
the  pressure  of  the  other. 

The  vapour  developed  from  the  surface  of  the  water  thus  min- 
ding wiUi  the  atmosphere,  acquires  a  common  temperature  with  it. 
This  vapour,  therefore,  receiving  thus  from  the  air  with  which  it  is 
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intermixed  more  or  less  heat^  after  having  passed  into  the  vaporoxifi 
state,  is  superheated  vapour  (1496.)  It  has,  therefore,  a  greater 
temperature  than  that  which  corresponds  to  its  density,  or,  what  is 
the  same,  it  has  a  less  density  than  that  which  corresponds  to  its 
temperature.  Such  vapour  may  therefore  lose  temperature  to  a  cer- 
tain extent  without  being  condensed. 

2232.  Air  may  he  mturated  vnth  vapour, — But  if  the  same  at- 
mosphere continue  to  be  suspended  over  the  surfiioe  of  water,  the 
process  of  evaporation  being  continued,  the  quantity  of  vapour 
which  rises. into  the  air  and  mingles  with  it  will  be  continually  in- 
creased until  it  acquires  the  greatest  density  which  is  compatible  with 
its  temperature.  Evaporation  must  then  cease,  and  the  air  is  said 
to  be  saturated  with  vapour. 

If  the  temperature  of  the  air  in  such  case  rise,  evaporation  will 
recommence  and  will  continue  until  the  vapour  shall  acquire  the 
greatest  density  compatible  with  the  increased  temperature,  and  will 
then  cease,  the  air  being,  as  before,  saturated, 

2233.  If  the  temperature  of  saturated,  air  faU^  condefisaiion  will 
taJce  place. — But  if  the  temperature  fall,  the  greatest  density  of 
vapour  compatible  with  it  being  less  than  at  the  higher  temperature, 
a  part  of  the  vapour  must  be  condensed,  and  this  condensation  must 
continue  until  the  vapour  suspended  in  the  air  shall  be  reduced  to 
that  state  of  density  which  is  the  greatest  compatible  with  the  re- 
duced temperature. 

2234.  Atmosphere  rarely  saturated,  -  A  fluid  so  light  ond  mobile 
as  the  atmosphere,  can  never  remain  long  in  a  state  of  repose,  and 
the  column  of  air  suspended  over  the  surface  of  any  collection  of 
water,  however  extensive,  is  subject  to  frequent  change.  In  general, 
therefore,  before  any  such  portion  of  the  atmosphere  become  satu- 
rated by  evaporatioD,  it  is  removed  and  replaced  by  another  portion. 
It  happens,  consequently,  that  the  atmosphere  rarely  becomes  satu- 
rated by  the  immediate  effect  of  evaporation. 

2235.  May  become  so  by  reduced  temperature  or  intermingling/ 
strata.  —  The  state  of  saturation  is,  however,  often  attained  either 
by  loss  of  temperature,  or  by  the  intermixture  of  strata  of  air  of 
different  temperatures  and  diiferently  charged  with  vapours.  Thus, 
if  air  which  is  below  the  point  of  saturation  suffer  a  loss  of  heat,  its 
temperature  may  fall  to  that  point  which  is  the  highest  compatible 
with  the  density  of  the  vapour  actually  suspended  in  it.  The  air 
will  then  become  saturated,  not  only  by  receiving  any  increased 
quantity  of  vapour,  but  by  losing  that  caloric  by  which  the  vapour 
it  contained  was  previously  superheated. 

If  two  strata  of  air  at  different  temperatures,  and  both  charged 
with  vapour  to  a  point  below  saturation,  be  intermingled,  they  will 
take  an  intermediate  temperature ;  that  which  had  the  higher  tempe- 
rature imparting  a  portion  of  its  he^t  tp  that  whiqh  ha4  a  lower 
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tempenture.  The  viponr  with  which  ihey  were  previously  charged 
vill  likewise  be  intermixed  and  reduced  to  the  common  temperature. 
Nov,  in  this  case  it  may  happen  that  the  common  temperature  to 
which  ^e  entire  mass  is  reduced,  after  intermixture,  shall  be  either 
equal  to  or  less  than  the  greatest  temperature  compatible  with  the 
density  ai  the  vapour  in  the  mass  of  air  thus  mixed.  K  it  be  equal 
to  that  temperature,  the  mass  of  air  after  intermixture  will  be  satu- 
rated^ though  the  strata  before  intermixture  were  both  below  satura- 
tion ;  and  if  less,  condensation  must  take  place  until  the  density  of 
the  Tapour  suspended  in  the  mixture  be  reduced  to  the  greatest  density 
eofflpatible  wiUi  the  temperature. 

2236.  Air  and  vapour  intemsttngle,  (hough  of  different  specific 
gravities^ — It  might  be  supposed  that  air  and  vapour  being  mixed 
together  widumt  combining  chemically,  would  arrange  themselves  in 
strata,  the  lighter  floating  above  the  heavier  as  oil  floats  above  water. 
This  statical  law,  however,  which  prevails  in  liquids,  is  in  the  case 
of  elastie  fluids  subject  to  important  qualifications.  The  latter  class 
of  fluids  have  a  tendency  to  intermingle  and  diffuse  themselves 
through  and  among  each  other  in  opposition  to  their  specific  gravi- 
ties. Thus  if  a  stratum  of  hydrogen,  the  lightest  of  the  gases,  rest 
upon  a  stititum  of  carbonic  acid,  which  is  the  heaviest,  they  will  by 
dow  degrees  intermingle,  a  part  of  the  hydrogen  descending  among 
the  carbonic  acid,  and  a  part  of  the  carbonic  acid  ascending  among 
the  hydrogen,  and  this  will  continue  until  the  mixture  becomes  per- 
fectly unirorm,  every  part  of  it  containing  the  two  gases  in  the  pro- 
portion of  their  entire  quantities. 

The  same  law  prevails  in  the  case  of  vapours  mixed  with  gases ; 
and  Uiu  may  be  explained  the  fact,  that  although  the  aqueous  va- 
pour suspended  in  the  air,  and  having  the  same  temperature,  is 
always  lighter  bulk  for  bulk  than  the  air,  it  does  not  ascend  to  the 
upper  strata  of  the  atmosphere,  but  is  uniformly  diflfused  through  it. 

2237.  The  pressure  of  air  retards^  hut  does  not  diminish  evapo- 
ration,— ^It  may  be  stated  generally,  that  the  effect  of  a  column  of 
air  saperposed  upon  the  surface  of  water  is  only  to  retard,  but  not 
either  to  prevent  or  diminish,  the  evaporation.  The  same  quantity 
of  vapofor  will  be  developed  as  would  be  produced  at  the  same  tem- 
peratare  if  no  air  were  superposed  on  the  water  ]  but  while  in  the 
latter  caae  the  entire  quantity  of  vapour  would  be  developed  instan- 
taneooaly,  it  is  produood  gradually,  and  completed  only  after  a  cer- 
tain interval  of  time  when  the  air  is  present.  The  quantity  of  va- 
pour developed,  and  its  density  and  pressure,  are  however  exactly 
the  same,  whether  the  space  through  which  it  is  diffused  be  a  vacuum, 
or  be  filled  by  air,  no  matter  what  the  density  of  the  air  may  be. 
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The  properties  of  the  air,  therefore,  neither  modify  nor  are  modified 
by  those  of  the  vapour  which  is  diffused  through  it. 

2238.  When  vapour  intermixes  with  air,  it  renders  it  specifically 
lighter,  —  Since,  at  the  same  temperature  and  pressure,  the  density 
of  the  vapour  of  water  is  less  than  that  of  air  in  the  ratio  of  5  to  8, 
it  follows  that  when  air  becomes  charged  wiUi  vapour  of  its  own 
temperature,  the  volume  will  be  augmented,  but  the  density  dimin- 
ished.  If  a  certain  volume  of  air  weigh  8  grains,  an  equal  volame 
of  vapour  will  weigh  5  grains,  the  two  volumes  mixed  together  will 
weigh  13  grains,  and,  consequenUy,  an  equal  volume  of  the  mixture 
will  weigh  6^  grains.  In  this  case,  therefore,  the  density  of  the  air 
charged  with  vapour  is  less  than  the  density  of  dry  air  of  the  same 
temperature  in  tiie  ratio  of  6^  to  $. 


CHAP.  III. 

HTGROMETRT. 

2239.  Hyyromeiry.  —  This  is  the  name  eiven  to  that  branch  of 
meteorology  which  treats  of  the  methods  of  measuring  the  elastic 
force  and  the  quantity  of  aqueous  vapour  which  is  suspended  in  the 
atmosphere,  and  in  which  the  influence  of  various  natural  bodies  and 
physi^  agents  upon  this  vapour  is  explained. 

If  the  atmosphere  were  always  charged  with  vapour  to  saturation, 
the  pressure  and  density  of  the  vapour  contained  in  it  would  be  im- 
mediately determined  by  its  temperature,  for  there  would  then  be 
the  greatest  pressure  and  density  compatible  with  the  temperatare, 
and  the  pressure  and  density  would  be  given  by  the  tables  (1494). 

2240.  The  dew  point,  —  But  when  the  air,  as  generally  happens, 
is  not  saturated,  it  becomes  necessary  to  contrive  means  by  which 
the  temperature  to  which  it  must  be  reduced,  in  order  to  become 
saturated  by  the  quantity  of  vapour  actually  suspended  in  it^  can  be 
determined. 

Such  temperature  is  called  the  dew  point,  inasmuch  as  afiter  re- 
duction below  that  temperature,  more  or  less  condensation,  and  the 
consequent  deposition  of  moisture  or  dew,  will  take  place. 

2241.  Method  of  determining  the  pressure  and  density  of  the 
vapour  suspended  in  the  air, — When  the  actual  temperature  of  the 
air  and  the  dew  point  are  known,  the  pressure  and  density  of  the 
vapour  suspended  in  the  air  may  be  found. 

Let  T  express  the  temperature  of  the  air,  t  the  dew  pdnt^  p  the 
pressure  of  the  vapour  which  would  saturate  the  air  at  the  tempera- 
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tore  T,/>  the  preFsore  of  the  vapour  which  would  saturate  it  at  the 
temperature  /,  and,  in  fine,  let  p'  express  the  pressure  of  the  vapour 
aetoJly  suspended  in  the  air. 

This  pressure  ^  is  greater  than  the  pressure  p,  which  the  same 
Tapoor  having  the  same  density  has  at  the  temperature  t,  hj  that 
increase  of  pressure  which  is  due  to  the  increase  of  temperature  from 
f  to  T.  If  the  increase  of  pressure  due  to  one  degree  of  augmented 
temperatore  be  expressed  by  n,  the  increase  due  to  (t  —  £)  degrees 
will  be  expressed  by  (t  —  t)X  n.     Hence,  we  shall  have 

p^=jpx  {1  +  (T—t)Xn\ 

So  that  when  p,  the  pressure  of  the  saturating  vapour  at  the  dew 
pointy  is  known,  p',  the  actual  pressure,  can  be  found. 

Bat  any  means  by  which  the  temperature  t  at  the  dew  point  can 
be  determined,  wiU  necessarily  also  determine  the  pressure  p,  inas- 
mikch  as  this  pressnre  is  that  which  corresponds  to  vapour  having  the 
greatest  density  compatible  .with  the  temperature  /,  and  is  therefore 
given  by  the  tables  (1494).  This  being  found,  p'  may  be  computed 
by  the  preceding  formula. 

To  find  the  density  of  the  vapour  actually  suspended  in  the  air, 
or,  what  is  the  same,  the  weight  of  water  in  the  state  of  vapour  con- 
tamed  in  a  cubic  foot  of  air,  let  this  weight  be  expressed  by  w^,  and 
let  w  express  the  weight  of  vapour  which  would  saturate  a  cubic 
fbot  of  air  at  the  temperature  T. 

Since  the  pressure  is  proportional  to  the  density  when  the  tempe- 
ntme  is  the  same,  we  shall  have 

Pip'itwrw'; 
ThoefofCi 

1V'  =  WX— =  -X^X  {1-f  (T  — O^wj 

By  this  formula,  therefore,  the  weight  w'  of  vapour  contained  in  a 
cable  fbot  of  air  can  be  fbnnd,  provided  the  weight  and  pressure  of 
the  vapour  which  would  saturate  it  at  the  same  temperature,  its  dew 
pnnty  and  the  pressure  of  the  vapour  which  would  saturate  it  at  that 
poin^  are  severally  known. 

2242.  Taiie  of  pressures  arte!  deruiiies  of  mturating  vapours, — 
The  following  table,  in  which  are  given  the  pressure  and  weight  of 
the  satorating  vapour  in  a  cubic  foot  of  air,  at  the  several  tempera- 
toavs  expressed  in  the  first  column,  will  supply  all  the  data  necessary 
for  such  calculations,  provided  only  that  means  be  obtained  for  deter- 
mining by  experiment  the  dew  point. 
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Tablb  showiDg  the  Presrare  and  Weight  of  eatnratiog  Vapour  ooiitain«d  i 
a  Cubic  Foot  of  Air  at  Temperatures  varjing  from  — 4°  Fahr.  to  -|-  104 

Fahr. 


Pronure: 

1 
Weight  of  Vapour 

Preevure: 

Weight  of  Vapon 

T«Bip«Tatare. 

Inches, 

in  a  Cubic  Foot 

Temperature. 

Inchee, 

in  a  Gulrfc  Foot 

Mercury. 

of  Air. 

Mereury. 

of  Air. 

o 

Grains. 

o 

GraiuR. 

—  4  0 

•05 

1 

66-2 

•64 

7 

60 

•08 

1 

680 

•68 

7 

140 

•10 

1 

69-8 

•72 

8 

280 

•16 

2 

71-6 

•76 

8 

82-0 

•20 

2 

734 

•81 

9 

88-8 

•22 

2 

762 

•86 

9 

35-6 

•23 

8 

770 

•91 

10 

37-4 

•24 

3 

78-8 

•96 

10 

89-2 

•26 

8 

80-6 

102 

11 

410 

•28 

8 

82-4 

1-08 

12 

42-8 

•80 

8 

84-2 

114 

12 

44-6 

•82 

4 

860 

121 

18 

46-4 

•34 

4 

^7-8 

1-28 

14 

48-2 

•86 

4 

890 

136 

14 

600 

•88 

4 

91-4 

148 

16 

61-8 

•40 

5 

98-2 

1-61 

16 

68-6 

•48 

6 

960 

1^69 

17 

66-4 

•45 

6 

96-8 

168 

18 

67-2 

•48 

6 

98-6 

1-77 

18 

690 

•61 

6 

100-4 

1-87 

19 

60-8 

•64 

6 

102-2 

197 

20 

62-6 

•68 

6 

1040 

209 

21 

64-4 

•61 

7 

2243.  Example  of  mch  a  cakulatwn,  —  As  an  example  of  th 
application  of  the  preceding  formulae,  let  us  suppose  that  the  tem 
perature  of  the  air  is  77^,  and  that  the  dew  point  is  ascertaiD^Mi  t 
be  54i°. 

By  the  preceding  table  then  we  obtain  the  following  data : 

T  =  77^        p  =  0^91,        <  =  54J,       ^  =  0^44. 

But  it  appears  from  what  has  been  already  explained  (1495^ 
that  »  =  0002037  :=yi 5. 
Hence  we  find 

p'  =  0-44  X  { 1  +  22-5  X  0002037 {  =  0-46. 

It  follows,  therefore,  that  the  actual  pressure  of  the  yapoar  sui 
pended  in  the  air  is  46  per  cent,  of  the  pressure  of  the  vapour  whid 
would  saturate  it. 
We  have  also 

P  =  0'96,  w  =  10: 

And  therefore 

w*  =  6  05. 
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2244.  Method  of  OMcertaintng  the  dew  point — To  deternjine  the 
dev  pointy  let  a  thin  glass  or  decanter  be  filled  with  water,  and,  im- 
■Kisiog  a  thermometer  in  it,  let  it  be  exposed  in  the  open  air.  Let 
ire  cM.  water  be  poured  into  it  by  small  quantities  and  mixed  with 
it,  60  as  to  reduce  its  temperature  by  slow  degrees  below  that  of  the 
rammidiDg  air.  A  temperature  will  at  length  be  attained  at  which 
1  doody  deposition  of  moisture  will  be  manifested  on  the  external 
Mirbce  of  the  glass.  The  temperature  at  which  this  effect  first  be- 
gins to  be  manifested  b  the  dew  point. 

To  explain  this  it  must  be  considered  that  the  shell  of  air  in  im- 
mediate contact  with  the  glass  is  reduced  to  the  temperature  of  the 
glaflB,  and  when  that  temperature  has  been  reduced  so  low  that  the 
vapour  sospended  in  the  air  saturates  it,  any  further  diminution  of 
tempetmtare  ia  attended  with  condensation,  which  is  in  effect  mani- 
fested by  the  dew  which  then  immediately  begins  to  collect  upon  the 
soifibce  of  the  glass. 

2245.  DatddTs  l^^romcter. —Hygrometers  have  been  constructed 
in  different  forms,  on  this  principle,  to  indicate 
the  dew  point.  That  of  Daniel  1  has  been  most 
generally  adopted.  This  instrument  consists 
of  a  glass  tube,  having  a  thin  bulb  blown  on 
each  end  of  it,  and  being  bent  into  the  rectan- 
gular form  represented  in  Jig,  670.  The  bulb 
a  is  filled  to  two-thirds  of  its  capacity  with 
ether,  which  being  boiled  produces  vapour  which 
fills  the  tube  t  and  the  bulb  6,  and  escapes 
through  a  small  opening  in  the  bottom  of  b. 
In  this  manner  the  air  is  expelled  from  the 
ether,  the  tube,  and  the  bulbs.  The  opening 
in  5  is  then  closed  with  the  blowpipe^  and  the 
Fi^  S78.  heat  being  removed  from  the  bulb  a,  the  va- 

pour in  the  tube  and  bulb  b  is  condensed,  so 
that  the  space  within  the  instrument  above  the  surface  of  the  ether 
contains  only  the  vapour  of  ether,  which  corresponds  to  the  tempe- 
rature of  the  fluid  in  the  bulk  a.  A  thermometer  is  previously  in- 
serted in  the  tube  i,  the  bulb  of  which  is  plunged  in  the  ether,  and 
the  balb  b  is  surrounded  by  a  linen  or  muslin  cloth,  which,  being 
ntoratod  with  ether  by  means  of  a  small  phial  provided  with  a  fine 
rectangular  spout,  evaporation  takes  place,  by  which  the  bulb  b  is 
eooled.  The  vapour  of  the  ether  which  fills  the  bulb  b  is  thus 
eoodensed  in  it,  and  more  vapour  flows  in  to  fill  its  place  from  the 
tube  t  The  sar&ee  of  the  ether  in  a  being  thus  continually  released 
from  the  pressure  of  the  vapour  condensed,  further  evaporation  and 
a  eonseqnent  depression  of  the  temperature  of  the  fluid  in  the  bulb 
a  ensues,  and  this  oontinues  until  the  temperature  of  the  bulb  a  is 
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reduced  to  the  dew  point,  when  a  cloudy  deposition  will  be  mani- 
fested on  the  glass  of  the  bulb  a. 

2246.  AvguU^B  Psi/ckrometer, ^Pro- 
fessor August  of  Berlin  has  constractcd 
an  hygrometer,  the  indications  of  which 
depend  on  the  depression  of  temperature 
produced  by  evaporation  in  an  atmo- 
sphere which  is  l^low  the  point  of  satu- 
ration. Two  thermometers,  {ct  and  hj 
fig,  671|]  exactly  alike  in  all  respects, 
are  mounted  on  a  support  in  immediate 
juxtaposition,  the  bulb  of  one  being 
enveloped  in  a  cloth,  which  is  kept  con- 
stantly wetted  with  distilled  water.  If 
the  atmosphere  were  already  saturated 
no  evaporation  would  ensue ;  but  if  it 
be  not  saturated,  evaporation  will  take 
place  from  the  wet  cloth  surrounding 
the  bulb,  and  a  depression  of  tempera- 
ture will  be  indicated;  which  will  bear 
a  certain  relation  to  the  rate  of  this 
evaporation.  The  thermometer  there- 
fore, enveloped  in  the  wet  doth,  will 
&11  below  the  other,  which  gives  the 
true  temperature  of  the  air,  and  the  difference  between  the  two  ther> 
mometers  thus  becomes  a  measure  of  the  rate  of  evaporation  frooi 
die  doth,  and  thereby  of  the  degree  of  dryness  of  the  air.  The 
greater  the  quantity  of  vapour  with  which  the  air  is  charged^  tbo 
less  will  be  the  difference  of  the  temperatures  indicated  by  the  two 
thermometers. 

When  the  air  is  extremely  dry,  the  difference  between  the  two 
thermometers  sometimes  amounts  to  from  14^  to  18^. 

Professor  August  has  constructed  tables  by  which  the  pressure  or 
the  vapour  suspended  in  the  air,  which  corresponds  to  the  various 
indications  of  the  two  thermometers,  can  be  immediately  found. 

2247.  Sattssure's  Hygrometer, — Hygrometric  substances  are  those 
porous  bodies  whose  affinity  for  moisture  is  so  strong,  that  when  the3r 
are  exposed  to  an  atmosphere  in  which  more  or  less  vapour  ia  8us-> 
pended,  they  will  attract  this  vapour  and  condense  it  in  their  pores 
80  that  they  will  become  wet.  The  quantity  of  moisture  which  thcj- 
imbibe  in  this  manner  is  more  or  less,  according  to  the  quantity  of 
vapour  with  which  the  atmosphere  is  charged. 

The  varying  absorption  of  vapour  causes  in  some  bodies  a  corre- 
sponding variation  of  dimensions.     The   hygrometer  of  Saaasure 
~^J^9\  672,]  is  founded  on  this  property.     A  hair  well  prepared  and 
eprived  of  all  greasy  matter  is  attached  to  a  point  of  sospenaion  a 


Fig.  671. 
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Fig.  «72. 


and  being  carried  round  a  small  wheel  is  kept  extended 
by  suspending  to  its  extremity  a  small  weight/.  Be- 
ing hygrometric,  it  absorbs  moisture  from  the  atmo- 
sphere, by  which  it  is  made  to  expand  and  increase  its 
length.  This  causes  the  wheel  round  which  it  is  coiled 
to  turn  through  a  corresponding  space,  which  is  shown 
by  an  index  d  fixed  upon  the  centre  of  the  wheel,  which 
plays  upon  a  graduated  arch  $h. 

As  the  Tapour  suspended  in  the  air  increases  or  di- 
;K^minishes,  the  contraction  of  the  hair  varies  in  corre- 
sponding manner,  and  the  index  shows  the  changes, 
indicating  extreme  dryness  at  one  extremity  of  the 
scale,  and  extreme  humidity  at  the  other. 

Tables  have  been  constructed  by  which  the  indica- 
tions of  this  instrument  give  the  pressure  of  the  vapour 
suspended  in  the  air. 


[224T*.  General  connderatum  of  hydrometers.  —  The  quantity 
of  watery  vapour  contained  in  the  atmosphere,  at  any  given  moment, 
may  be  determined  either  by  what  is  called  the  chemical  methady  or 
by  means  iji  instruments  called  hygrometers.  The  chemical  method  * 
eoQsisto  in  abfiorbing,  by  means  of  substances  which  have  a  great 
avidi^  lor  water,  the  vapour  contained  in  a  certain  volume  of  air, 
lod  IB  determining  its  weight  by  the  balance.  The  air  is  drawn  by 
means  of  an  aspirator  through  tubes  filled  with  coarse  fragments  of 
pomioe^toiie,  moistened  with  sulphuric  acid.  Experiment  has  shown 
that  tabes  d[  this  kind  completely  retain  the  humidity  of  the  air. 
Hence,  the  increase  of  weight  in  tJbe  .tubes  represents  the  weight  of 
the  water  which  existed  in  a  volume  of  air  equal  to  the  capacity  of 
the  a^irator.  This  method  does  not  give  the  quantity  of  humidity 
which  exists  in  the  air  at  a  determinate  moment,  but  determines, 
with  great  precision,  the  mean  quantity  which  tlie  air  contained 
during  the  experiment  But  it  is  an  experiment  of  the  laboratory, 
reqohring  time  and  bulky  apparatus  for  its  performance ;  and,  conse- 
quently, does  not  admit  of  adoption  in  meteorological  observatories. 
It  is,  however,  eminently  adapted  to  the  verification  of  the  other 
methoda;  and  for  this  purpose,  was  constantly  made  use  of  by  Beg- 
oanlt  in  his  hygrometrical  researches,  some  of  the  results  of  which 
tregiTen  below. 

Hygrometers,  or  instruments  which  serve  to  measure  the  elastic 
force  of  the  watery  vapour  contained  in  the  air,  are  of  three  kinds, 
bemg  constructed  on  different  principles.  Some  act  by  condensation, 
others  by  evaporation,  and  others  again  by  absorption.  The  first  are 
oiled  ctmdensing  or  dew  point  hygrometers — the  second,  wet'^Lnd- 
<frfjf  bulb  hygrometers  or  ptfychrometers  —  and  the  third,  absorption 
hygrcBQetcrs. 
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lat  Condensing  or  dew  point  hygrometers. — Hygrometers  of  thi^ 
kind  are  the  only  ones  whose  results  are  perfectly  exact  and  reliable  * 
their  indications  being  influenced  neither  by  the  temperature,  nor  by 
the  degree  of  humidity,  nor  by  the  variable  agitation  of  the  air. 

Le  Roy,  of  MontpelUer,  was  the  first  to  propose  the  determination 
of  the  dew  point  by  the  rough  process  described  in  2244 ;  but  when 
the  air  is  very  dry,  a  deposit  of  dew  cannot  be  produced  in  that 
way. 

The  process  of  Le  Roy  received  its  first  practical  application  by 
the  construction  of  Daniell's  condensing  hygrometer  (2245) ;  which, 
however,  cannot  be  absolutely  relied  upon,  since  it  is  liable  to  tbe 
following  objections,  (a)  The  cooling  of  the  ether  in  the  bulb  a 
principally  takes  place  at  the  surface  of,  the  liquid  where  the  evapo- 
ration occurs ;  and  as  liquids  are  bad  conductors  of  heat,  ihere  is  al- 
ways a  marked  difference  of  temperature  between  the  upper  and 
lower  layers  of  the  liouid.  However  delioatp  the  thermometer  may 
be,  it  still  indicates  only  the  mean  temperature  of  the  layers  in  which 
its  reservoir  is  immersed;  and  this  mean  temperature  may  differ 
perceptibly  from  that  on  which  the  first  deposit  of  dew  depends. 
(b)  The  manipulation  requires  the  long-continued  presence  of  the 
observer  near  the  apparatus ;  and  this  necessarily  influences  the  hy- 
grometric  state  of  the  air  and  its  temperature,  especially  if  the  ob- 
server is  obliged  to  approach  very  near  to  read  off  the  thermometer 
and  to  observe  the  first  deposit  of  dew.  (c)  The  evaporation  of  a 
great  quantity  of  ether  takes  place  on  the  bulb  5  in  a  space  extremely 
near  to  that  in  which  the  deposit  of  dew  upon  the  bulb  a  is  deter- 
mined ;  and  the  lowering  of  temperature  caused  by  this  in  the  neigh- 
bouring strata,  must  occasion  a  very  sensible  change  in  the  hygro- 
metric  state  of  the  air.  (d)  And  lastly,  the  ordinary  commercial 
ether  contains  as  much  as  one-tenth  its  weight  of  water ;  and  this 
water,  being  carried  in  great  part  by  the  vapour  of  ether  into  a 
space  very  close  to  that  in  which  the  deposit  of  dew  is  determined, 
tends  again  to  change  the  hygrometric  state  of  the  air. 

Bache's  hygrometer,  fig.  673,  which  is  free  from  most  of  the 
foregoing  objections,  consists  of  a  cubical  box  «,  filled  with  finely 
pounded  ice  and  salt,  into  which  is  inserted  a  metallic  bar  h,  having 
on  its  upper  surface  a  groove  containing  mercury,  into  which  dips  a 
delicate  thermometer  a  suspended  from  a  support  d)  the  thermo- 
meter being  movable  along  the  groove.  The  whole  rests  upon  a 
wooden  stand  c.  One  of  the  vertical  sides  of  the  bar  h  presents  a 
surface  of  polished  silver;  and  the  temperature  of  this  bar,  which 
is  about  zero  near  its  insertion  into  the  box,  gradually  rises  towards 
the  other  end.  There  will  be  a  deposit  of  dew  on  this  polished  sur- 
face, terminating  abruptly  at  a  certain  vertical  line  whose  tempera- 
ture will  be  that  of  the  dew  point.  This  temperature  is  easily  as- 
certained by  placing  the  bulb  of  the  thermometer  opposite  that  line; 
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Fig.  673. 

•ad  henoe  this  instrument  allows  of  the  dew  point  being  read  off  at 
wy  moment  by  the  observer. 

Bat  of  all  condensing  hygrometers,  that  of  Regnanlt,  fig^.  674 
^ 675,  is  the  most  perfect.  It  consists  of  a  thimble,  ahc  {fig. 
674),  made  of  silver,  very  thin,  and  perfectly  polished,  |  inch  in 
depdi,  and  ^^tlis  of  an  inch  in  diameter,  which  is  fitted  tightly  upon 
t  glsBB  tabe  c  cf,  open  at  both  ends.  The  tube  has  a  small  lateral 
tabolore  U  The  upper  opening  of  the  tube  is  closed  by  a  cork, 
vhieh  is  teversed  by  the  stem  of  a  very  sensible  thermometer  occu- 
pying its  axis;  the  bulb  of  the  thermometer  is  in  the  centre  of  the 
nlver  thimble.  A  very  thin  glass  tube,  fg^  open  at  both  ends, 
^venes  the  same  cork,  and  descends  to  the  bottom  of  the  thimble. 
£tlter  is  poured  into  the  tube  as  high  as  nt  n,  and  the  tubulure  t  is 
placed  in  communication  by  means  of  a  leaden  tube  dj  with  an  as- 
prttor  jar,  six  or  eight  pints  in  capacity,  filled  with  water.  The 
fspintor  jar  is  placed  near  the  observer,  while  the  hygrometer  is 
lept  u  fer  from  his  person  as  is  desirable.  On  allowing  water  to 
njn  from  the  aspirator  jar,  air  enters  by  the  tube  gfy  passing  bubble 
»y  bubble  through  the  ether,  which  it  coola  by  carrying  away  va- 
V^'  the  refrigeration  is  the  more  rapid  the  more  freely  the  water 
B  tHoved  to  flow ;  and  the  whole  mass  of  ether  presents  a  sensibly 
^iform  temperature,  as  it  is  briskly  agitated  by  the  passage  of  the 
rabUes  of  air.    The  temperature  is  sufficiently  lowered  in  less  than 
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Fig.  674. 


Fig.  675. 


a  minute  to  detemiiDe  an 
abundant  deposit  of  dew. 
The  thermometer  is  thee 
observed  through  a  little 
telescope.  Suppose  that  it 
is  read  off  at  50''  :  this 
temperature  is  evidently 
somewhat  lower  than  what 
corresponds  exactly  to  the 
air's  humidity.  By  clos- 
ing the  stopcock  of  the 
aspirator,  the  passage  of 
air  is  stopped,  the  dew 
disappears  in  a  few  se- 
conds, and  the  thermo- 
meter again  rises.  Sup- 
pose that  it  marks  52^ : 
this  degree  is  above  the 
dew  point.  The  stopcock 
of  the  aspirator  is  then 
opened  very  slightly,  so 
as  to  determine  the  pas- 
sage of  a  very  small 
stream  of  air-bubbles 
through  the  ether.  K 
the  thermometer  con- 
tinues, notwithstanding, 
to  rise,  the  stopcock  is 
opened  further,  and  the 
thermometer  brought 
down  to  51°-8 :  by  shut- 
ting the  stopcock  slightly, 
it  is  easy  to  stop  the  fall- 
ing range,  and  make  the 


thermometer  remain  stationary  at  51^-8,  as  long  as  is  desired.  If 
no  dew  forms  after  the  lapse  of  a  few  seconds,  it  is  evident  that  51^*8 
is  higher  than  the  dew  point.  It  is  brought  down  to  51^*6,  and 
maintained  there  by  regulating  the  flow.  The  metallic  surfetce  being 
now  observed  to  become  dim  after  a  few  seconds,  it  is  concluded  that 
51° -6  is  too  low,  while  51*^-8  is  too  high.  A  still  greater  approxi- 
mation may  be  made,  by  now  finding  whether  51^-7  is  above  or  be- 
low the  point  of  condensation.  These  operations  may  be  executed 
in  a  j^ery  short  time,  after  a  little  practice ;  three  or  four  minutes 
being  found  sufficient,  by  M.  Kegnault,  to  determine  the  dew  point 
to  within  about  y^^th  of  a  degree,  Fahr.  A  more  considerable  fEill 
of  temperature  may  be  obtained  by  means  of  this  than  the  original 
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i  of  Daniell,  with  the  conmnnptioii  of  a  much  less  qnantitj 
of  ether;  iodeedy  that  liquid  may  be  dispensed  with  entirely,  and 
aleokol  ssbetitiited  for  it.  The  thermometer  ify  to  observe  the  tem- 
pentoie  of  the  air  daring  the  experiment^  is  placed  in  a  second 
similar  ^ass  tabe  and  thimble  c^  Vj  also  under  the  inflaence  of  the 
upuater,  bat  oontaiDinff  no  ether. 

Ik  is  erident  from  uiis  description  that  Regnanlt's  hygrometer 
obriales  all  of  the  objections  to  which  that  of  Daniell  is  open.  The 
tlMraometer  indicates  exactly  the  same  temperature  as  the  ether, 
nd  ail  the  layers  of  this  liquid  present  a  uniform  temperature,  from 
the  eootinoal  agitation  produced  by  the'  passage  of  the  bubbles  of 
air;  the  metallio  side  on  which  the  dew  is  deposited  has  also  the 
flune  temperature  as  the  ether,  because  it  is  very  thin,  and  is  in 
inraiediate  contact  with  this  liquid.  The  manipulation  does  not 
wj^m  tiM  observer  to  be  close  by ;  he  may,  on  the  contrary,  be  at 
the  distance  of  several  yards,  and  observe  the  instrument  with  a 
telescope.  No  vapour  is  found  near  the  point  at  which  the  hygro- 
netric  state  is  determined ;  and  much  lower  temperatures  may  be 
ohtained  than  with  Daniell's  hygrometer.  Thus,  during  the  greatest 
Bammer  hnt,  Begnault  succeeded  in  lowering  the  thermometer  of 
the  condenser  several  degrees  below  82^,  and  covering  the  metallio 
aide  with  a  thick  layer  of  hoar  frost. 

2d.  The  psychrometer  of  August,  which  is  more  generally 
kmwn  in  this  country  as  the  icet-andrdry  hvJh  hygrometer,  is  per- 
haps the  most  extensively  employed  of  all  hygrometrioal  instru- 
ments. This  has  resulted,  probably,  from  the  fact,  that  it  does  not 
easily  get  out  of  order,  and  from  its  demanding  no  practical  skill  ou 
the  part  of  the  observer. 

The  two  following  were  the  formulse  constructed  by  Professor 
Angnst  for  the  determination  of  the  elastic  force  of  the  watery 
vatpoor  contained  in  the  air. 

-  e— 0-558  (<  — 0  6 

^-  """"  5l2=7  ' 

_c— 0-558  (<— 0  5 
^^-  ^-  572=7  ' 

2  bebg  the  tension  required  of  the  vapour  in  the  atmosphere  in 
the  Paris  lines ;  e  the  tension  in  Paris  lines  which  corresponds  with 
the  temperature  of  the  moist  thermometer;  t  the  temperature  of  the 
dry,  and  t  that  of  the  moist  thermometer,  in  degrees  of  Reaumur's 
Kale;  and  Isstiy,  h  the  altitude  of  the  barometer  in  Paris  lines. 
PofiBala  L  serves  for  temperatures  above  82^,  and  II.  when  the 
damp  yiermom'eter  is  covered  with  ice,  t.  e.,  for  temperatures  under 

Btnnilt  haa  shown  (^nitofe*  de  Chimie  «t  de  Phynqve,  Tomn 
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zxxTii.,  Man,  1853),  that  these  formulas  cannot  be  regarded  as  a 
true  expression  of  the  facts ;  for  thej  take  no  account  of  several  cir- 
cumstances which  exert  a  great  influence  on  the  indications  of  the 
instrument.  The  relative  temperatures  of  the  dry  and  moist  ther- 
mometers do  not  depend  only  on  the  state  of  saturation  of  the  air ; 
they  depend  also  on  its  different  states  of  agitation,  and  on  the  local 
conditions  in  which  it  is  placed.  These  thermometers  indicate,  in 
fact,  resultants  dependent  on  the  proper  temperature  of  the  ambient 
air,  on  the  variable  calorific  radiation  of  the  surrounding  bodies,  and 
besides,  for  the  moist  thermometer,  on  the  evaporating  power  (which, 
perhaps,  varies  with  the  temperature)  which  the  air  exerts  on  water, 
in  the  conditions  of  temperature,  saturation,  and  motion,  in  which 
the  instrument  is  placed.  By  giving  to  the  psychrometef  a  rapid 
motion  of  circular  translation  about  a  vertical  axis,  we  may  diminish 
the  influence  of  the  variable  agitation  of  the  air  and  that  of  the 
local  conditions:  but  we  will  thus  destroy  the  simplicity  of  the 
instrument,  which  constitutes  its  principal  merit 

Begnault  considers  it  useless  to  seek  formula  which  will  repre- 
sent psychrometrical  observations  better  than  those  of  August, 
because  evidently  no  account  can  be  taken  of  the  local  and  accidental 
circumstances  which  influence  the  instrument:  and  hence  the 
f)syckrometer  m%ut  he  regarded  cls  a  mere  empirical  insirumentj 
whose  indications  are  toiihout  scientific  value.  It  is  therefore  to  be 
desired  that  observers  should  be  well  convinced  of  this  fact,  in  order 
that  they  may  not  continue  to  make  use  of  instruments  on  whose 
indications  they  possess  no  certain  data,  and  to  accumulate  doubtful 
observations  which  will  be  much  more  injurious  than  useful  to  the 
progress  of  meteorology. 

8d.  The  hair  hygrometer  of  Saussure,  which  is  the  only  kind 
of  absorption  hygrometer  ever  employed  to  any  extent,  is  entirely 
unreliable ;  for  the  numerous  experiments  of  Begnault  have  demon- 
strated that  no  two  instruments  furnish  indications  which  admit  of 
comparison,  and  that  they  do  not  possess  the  high  degree  of  sensi* 
bility  which  was  formerly  assigned  to  them.  In  Stct,  they  are  often 
quite  long  in  arriving  at  their  state  of  equilibrium.  Hence,  this 
instrument  also  should  be  totally  abandoned.] 

2248.  Dew, — The  evaporation  produced  durine  the  day  by  the 
action  of  solar  heat  on  the  surftice  of  water,  and  on  all  bodies 
charged  with  moisture,  causes  the  atmosphere  at  the  time  of  sunset 
to  be  more  or  less  charged  with  vapour,  especially  in  the  warm 
season.  On  hot  days,  and  in  the  absence  of  winds,  the  atmosphere 
at  sunset  is  generally  at  or  near  the  point  of  saturation. 

Immediately  after  sunset  the  temperature  of  the  air  fdh.  If  it 
were  previously  in  a  state  of  saturation,  condensation  must  ensne, 
which  will  be  considerable  if  the  heat  of  the  day  and  the  consequent 
change  of  temperature  after  sunset  be  great     In  such  case,  the 
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Txponr  condensed  often  asmines  the  appearance  of  a  fine  rain  or  misfc^ 
taking  the  Hqaid  form  before  its  actual  deposition  on  the  surface. 

The  deposidoQ  of  dew,  however,  also  tsies  place  even  where  the 
atmo^here  is  not  reduced  to  its  point  of  saturation.  When  the 
finziament  is  unclouded  after  sunset,  all  objects  which  are  good  radi- 
atore  of  heat,  among  which  the  foliage  and  flowers  of  vegetables  arc 
the  foremost,  lose  by  radiation  the  heat  which  thej  had  received 
before  sunset  without  receiving  any  heat  from  the  firmament  suffi- 
cient to  replace  it.  The  temperature  of  such  objects,  therefore,  falls 
much  below  that  of  the  air,  on  which  they  produce  an  effect  pre- 
cisely similar  to  that  which  a  glass  of  very  cold  water  produces  when 
exposed  to  a  warm  atmosphere  charged  with  vapour.  The  air  con- 
tiguous to  their  sur&ce  being  reduced  to  the  dew  point  by  contact 
with  them,  a  part  of  the  vapour  which  it  holds  in  suspension  is  con- 
densed, and  coUects  upon  them  in  the  form  of  dew. 

It  follows  from  this  reasoning,  that  the  dew  produced  by  the  fall 
of  temperature  of  the  air  below  the  point  of  saturation  will  be 
deposited  equally  and  indifferently  on  the  surfaces  of  all  objects 
exposed  in  the  open  air;  but  that  which  is  produced  by  the  loss  of 
temperature  of  objects  which  radiate  freely,  will  only  be  deposited 
on  those  surfaces  which  are  good  radiators.  Foreign  writers  on 
physies  accordingly  class  these  depositions  as  different  phenomena, 
the  former  being  called  by  French  meteorologists  serein^  and  the 
hitter  ro9i€  or  dew.  We  are  not  aware  that  there  is  in  English  any 
term  corresponding  to  serein. 

Dew  will  fail  to  be  deposited  even  on  objects  which  are  good  radi- 
ators, when  the  firmament  is  clouded.  For  although  heat  be  radiated 
as  abundantly  from  objects  on  the  surface  of  the  earth  as  when  the 
sky  is  unclouded,  yet  the  clouds  being  also  good  radiators,  transmit 
heat^  which  being  absorbed  by  the  bodies  on  the  earth,  compensates 
for  the  heat  they  lose  by  radiation,  and  prevents  their  temperature 
from  falling  so  much  below  that  of  the  air  as  to  produce  the  con- 
densation of  vapour  in  contact  with  them. 

Wind  also  prevents  the  deposition  of  dew,  by  carrying  off  the  air 
from  contact  with  the  surface  of  the  cold  object  before  condensation 
has  time  to  take  place.  Meanwhile,  by  the  contact  of  succeeding 
portions  of  air,  the  radiator  recovera  its  temperature. 

In  genera],  therefore,  the  conditions  necessary  to  insure  the  depo- 
Btion  of  dew  are,  1st,  a  warm  day  to  charge  the  air  with  vapour ; 
2d,  an  unclouded  night;  3d,  a  calm  atmosphere;  and,  4th,  objects 
exposed  to  it  which  are  good  radiatora  of  heat. 

In  the  close  and  sheltered  streets  of  cities  the  deposition  of  dew 
18  mely  observed,  because  there  the  objects  are  necessarily  exposed 
to  each  other's  influence,  and  an  interchange  of  heat  by  radiation 
takes  place  so  as  to  maintain  dieir  temperature ;  besides  which,  the 
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objects  found  there  are  not  as  strong  radiators  as  the  foliage  and 

flowers  of  vegetables. 

2249.  Hoar  frost. — When  the  oold  which  follows  the  condensa- 
tion of  vapour  falls  below  32^,  what  would  oth^wise  be  DSW  be- 
comes HOAR  FROST.  For  the  same  reason  that  dew  is  deposited 
when  the  temperature  of  the  air  is  above  the  point  of  saturation, 
hoar  frost  may  be  manifested  when  the  temperature  of  the  air  is 
many  degrees  above  the  point  of  oonselation ;  for  in  this  case,  as  in 
that  of  dow,  the  objects  on  which  the  hoar  frost  collects  lose  so  mach 
heat  by  their  strong  radiation,  that  while  the  atmosphere  may  be 
above  40^  they  will  Ml  below  82°.  In  such  cases,  a  dew  is  first 
deposited  upon  them  which  soon  congeals,  and  forms  the  needles  and 
crystals  with  which  every  observer  is  familiar. 

The  hoar  frost  is  sparingly  or  not  at  all  formed  upon  the  naked 
earth,  or  on  stones  or  wood,  while  it  is  profusely  collected  on  leaves 
and  flowers.     The  latter  are  strong,  the  former  feeble  radiators. 

Glass  is  a  good  radiator.  The  panes  of  a  window  fall  during  the 
night  to  a  temperature  below  82°,  although  the  air  of  the  room  be 
at  a  much  higher  temperature.  Condensation  and  a  profuse 
deposition  of  moisture  takes  place  on  their  inner  surfaces,  which 
soon  congeals  and  exhibits  the  crystallized  coating  so  often  wit- 
nessed. 

The  frosts  of  spring  and  autumn,  which  so  frequently  are  at- 
tended with  injury  to  the  crops  of  the  farmer  and  gardener,  proceed 
generally  not  from  the  congelation  of  moisture  deposited  firom  the 
atmosphere,  but  from  the  congelation  of  their  own  proper  moisture 
by  the  radiation  of  their  temperature  caused  by  the  nocturnal  radi- 
ation, which  in  other  cases  produces  dew  or  hoar  frost.  The  young 
buds  of  leaves  and  flowers  in  spring,  and  the  grain  and  fruit  iu 
autumn,  being  reduced  by  radiation  below  82°,  while  the  atmosphere 
is  many  degrees  above  that  temperature,  the  water  which  forms  part 
of  their  composition  is  frozen,  and  blight  ensues. 

These  principles,  which  serve  to  explain  the  cause  of  the  evil,  also 
suggest  its  remedy.  It  is  only  necessary  to  shelter  the  object  from 
exposure  to  the  unclouded  sky,  which  may  be  done  by  matting, 
gauze,  and  various  other  expedients. 

2250.  Fabricatum  of  ice  in  hot  climates. — In  tropical  climates 
the  principle  of  nocturnal  radiation  has  supplied  the  means  of  the 
artificial  production  of  ice.  This  process,  which  is  conducted  on  a 
considerable  scale  in  Bengal,  where  some  establishments  for  the  pur- 
pose employ  several  hundred  men,  consists  in  placing  water  iai 
shallow  pans  of  unglazed  pottery  in  a  situation  which  is  exposed  to  \ 
the  dear  sky  and  sheltered  from  currents  of  air.  Evapwation  iaj 
promoted  by  the  porous  quality  of  the  pans  which  become  soaked, 
with  water,  and  radiation  takes  place  at  the  same  time  both  from  the! 
water  and  the  pans.     Both  these  causes  combine  in  lowering  thei' 
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ttsmyendttre  of  the  water  in  the  pans,  which  congeals  when  it  falls 
below  32^. 

2251.  Foffs  and  clouds.  —  When  the  steam  issuing  from  the  sur- 
&oe  of  warm  water  ascends  into  air  which  is  at  a  lower  temperature, 
it  is  condensed,  bat  the  particles  of  water  formed  by  such  condensa- 
tioD  are  so  minute,  that  they  float  in  the  air  as  would  the  minuto 
pirticles  of  an  extremely  fine  dust.  These  particles  lose  their  trans- 
parency by  reason  of  their  minuteness,  acconling  to  a  general  law  of 
physical  optics.  The  yaponr  of  water  is  transparent  and  colourless. 
It  is  only  when  it  loses  the  character  and  qualities  of  true  vapour, 
that  it  acquires  the  cloudy  and  semi-opake  appearance  just  men- 
tioned. 

Fogs  are  nothing  more  than  such  condensed  vapour  produced  from 
the  sarboe  of  seas,  lakes,  or  rivers,  when  the  water  has  a  higher 
temperature  than  the  stratum  of  air  which  rests  upon  it.  These  fogs 
are  more  thick  and  frequent  when  the  air,  besides  having  a  lower 
temperature  than  the  water,  is  already  saturated  with  vapour,  because 
in  that  case  all  the  vapour  developed  must  be  immediately  condensed, 
whereas,  if  the  air  be  not  saturated,  it  will  absorb  more  or  less  of  the 
Taponr  which  rises  from  the  water. 

[Fogs  are  quite  frequently  observed  in  circumstances  which  seem, 
at  nrst  sight,  very  different  from  the  foregoing.  For  example,  at  the 
time  of  a  thaw,  when  the  temperature  of  the  air  is  sensibly  higher 
than  that  of  the  water,  very  dense  fogs  still  form  on  rivers,  even 
when  they  are  covered  with  ice :  but  appearances  only  are  changed, 
the  principle  is  the  same.  In  fiict,  in  this  case,  the  warm  air  is  satu- 
rated with  hamidity,  and,  when  it  comes  to  be  mixed  with  the  air 
which  has  been  cooled  by  contact  with  the  ice  or  other  cold  bodies, 
its  v^war  is  condensed.] 

Ckmdfl  are  nothing  but  fogs  suspended  in  the  more  elevated  strata 
Kii  the  atmosphere.  Clouds  are  most  frequently  produced  by  the 
iBtennixtnie  of  two  strata  of  air,  having  different  temperatures  and 
difieiently  chained  with  vapour,  the  mixture  being  supersaturated, 
and  therefore  being  attended  with  partial  condensation  as  already 
expluned  (2235). 

[It  is  generally  admitted  that  the  vapours  which  constitute  clouds 
ire  venadar  vapoun;  that  is  to  say,  aggregations  of  little  globules 
filled  with  moist  air,  altogether  analogous  to  soap-bubbles.  These 
^bnles  are  very  easily  distinguished  by  the  naked  eye  in  fogs  which 
rise  on  warm  water,  and  particularly  on  the  surface  of  a  black  solu- 
tion, as  ooffee.  Their  density  is  essentially  greater  than  that  of  the 
air,  on  aocoont  of  the  liquid  pellicle  which  forms  their  envelope ;  and 
it  k  somewhat  difficult  to  expUiin  how  they  can,  notwithstanding  this 
i  of  density,  remain  suspended  in  the  air.     Chty-Lussao  was  of 
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opinion  that  tbe  corrents  of  wann  air  which  rise  incessantly  from  the 
earth  during  the  day,  have  a  great  inflaence  in  determining  the 
ascension  and  maintaining  the  suspension  of  clouds.  Fresnel  sup- 
posed that  the  solar  heat,  being  absorbed  by  the  clouds,  forms  out 
of  tbem  a  species  of  air-balloons  which  rise  to  heights  proportional 
to  the  excess  of  temperature.  These  two  causes  are  without  doubt 
very  efficacious ;  but  we  are  as  yet  in  possession  of  too  few  data  on  the 
true  constitution  of  clouds  and  on  the  properties  of  the  vapours  or 
different  elements  which  compose  them,  to  attempt  a  complete  expla- 
nation of  the  phenomenon.  We  are  still  less  able  to  present  any 
thing  but  conjectures,  more  or  less  hazardous,  on  the  causes  which 
determine  the  form  of  clouds,  their  extent,  their  elevation,  their 
colour,  and  all  their  various  appearances,  whose  study  is  the  object 
of  the  meteorologist.] 

2252.  Rain.  —  When  condensation  of  vapour  takes  place  in  the 
upper  strata  of  the  atmosphere,  a  fog  or  mist  is  first  produced,  after 
which  the  aqueous  particles  coalescing  form  themselves  in  virtue  nf 
the  attraction  of  cohesion  into  spherules,  and  fall  by  their  gravity  to 
the  earth;  producing  the  phenomenon  of  rain. 

2253.  Eain  gauge. — An  instrument  by  which  the  quantity  of 
rain  which  falls  upon  an  area  of  given  magnitude,  at  a  given  place, 
within  a  given  time,  is  called  a  Rain  gauge  or  Udometer.  [The 
terms  Pluvimeter  and  Ombrometer  are  employed  by  some  ob- 
servers to  denote  the  same  instrument.] 

These  instruments,  which  vary  in  form,  in  magnitude,  and  in  the 
provisions  by  which  the  quantity  falling  is  measured  and  registered, 
consist,  in  general,  of  a  cylindrical  reservoir  of  known  diameter,  the 
bottom  of  which  being  funnel-shaped,  terminates  in  a  discharge-pipe, 
through  which  the  contents  pass  into  a  close  vessel.  The  quantity 
received  from  time  to  time  by  this  vessel  is  measured  and  indicated 
by  a  great  variety  of  expedients. 

2254.  Quantify  of  rain  falling  in  various  places. — ^The  quantity 
of  rain  which  falls  in  a  given  time  at  a  given  place,  is  expressed  by 
stating  the  depth  which  it  would  have  if  it  were  received  upon  a 
plane  and  level  surface,  into  which  no  part  of  it  would  penetrate. 

At  Paris,  the  average  annnal  quantity  of  rain  which  fidls,  obtained 
from  observations  continued  for  thirty  years  at  the  Observatory,  is 
23*6  inches.  There  is,  however,  considerable  variation  in  the  quan- 
tities from  which  this  average  is  deduced;  the  smallest  quantity 
observed  being  16*9  inches,  and  the  greatest  27-9  inches. 

The  greatest  annual  fall  of  rain  is  that  observed  at  Maranham, 
lat.  2^^  S.,  which  is  stated  t>y  Humboldt  to  amount  to  277  inches^ 
more  than  double  the  annual  quantity  hitherto  observed  elsewhere. 
The  following  are  the  annual  quantities  at  the  under-named  places .- — 
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In. 

8t.  Dommgo^ 120 

CaTome 116 

I-Und  Granada 112 

HsTaiia 91 

Calcutta  .^ 76  to  118 

Bonbaj. 83  to    96 

Maruaique 87 

Sierra  Leone 86 

Berlin 20-9 

Bmaseli 190 

Florence 41*8 

Ltous  .•••...•«...••.*•<••••>•     39*6 

Maeetrieht 861 

Umeillw 18-4 

Padua 86-6 

Petersburg 18-2 

Rome...^ 81-2 

Sotteidam.^ 22*4 

StocUioim 18*7 

r:eana ^ 170 

Alais  (36  yean) 390 

Algicn  (10  jean) 86*0 


In. 

Bordeaux  (7  yean) 83*6 

Chalons  (48  yean) 28-6 

Dijon  (84  yean) 27-6 

Dieppe  ^8  yean) 82-5 

Metz  (22  yean) 26-0 

Nantes  (7  yean) 64-5 

Orange  r80  years) 29-6 

Jerwas  (6  yean) 60*0 

Ronen  (8  yean) 88*6 

St.  Lo  (3  yean) 31-6 

Toulouse  (8  yean) 26*0 

Basin  of  the  Rhone  (4  yean)  360 

Kendal 68-94 

Dumfries 86-92 

Manchester 36-14 

Liyerpool 8412 

Lancaster 89-71 

Glasgow 21-88 

London  (Dalton) 20-69 

"      (Howard) 24-90 

York 26-70 

Edinburgh  ., ^  2600 


Among  the  ezoeptioiial  pluvial  phenomena^  the  following  may  he 
BieiilioDed : — 

At  Bomhajr,  six  inches  of  rain  fell  in  a  single  day. 

At  Cayenne,  ten  inches  fell  in  ten  hours. 

At  Genoa,  on  the  25th  of  Oct  1822,  thirty  inches  of  rain  fell  on 
the  oecoirenoe  of  a  water  spout.  This  is  the  greatest  fall  of  rain  on 
record. 

2255.  SnovD. — The  physical  conditions  which  determine  the  pro- 
daetioD  of  snow  are  not  ascertained.  It  is  not  known  whether  the 
flakes  as  they  fall  are  immediately  produced  hy  the  congelation  of 
eandeiiBed  vapour  in  the  cloud  whence  they  first  proceed,  or  whether, 
being  at  first  minute  particles  of  frozen  vapour,  they  coalesce  with 
other  firoien  particles  in  falling  through  the  successive  strata  of  the 
tir,  and  thus  finally  attain  the  magnitude  which  they  have  on  reach- 
bg  the  ground* 

The  only  exact  observations  which  have  been  made  on  snow  refer 
to  the  forms  of  the  crystals  composing  it,  which  Captain  Scoresby 
has  observed  with  very  great  accuracy  in  his  Polar  Voyages,  and  of 
which  he  has  given  drawings.  The  flakes  appear  to  consist  of  fine 
needles,  gronp^  with  singular  symmetry.  A  few  of  the  most 
remarkable  forms  are  represented  in^.  675. 

[The  red  tnow  which  is  met  with  in  polar  regions  and  wherever 
the  snows  are  permanent,  owes  its  colour  to  a  small  fungus  or  mush- 
room, which  has  the  property  of  vegetating  in  snow.] 

2256.  Hail. — The  physical  causes  which  produce  this  formidable 
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scourge  of  tbc  agriculturist  are  uncertain.  Hypotheses  have  been 
advanced  to  explain  it  which  are  more  or  less  plausible,  but  which 
do  not  fulfil  the  conditions  that  would  entitle  them  to  the  place  of 


Fig.  676. 

physical  causes.  Volta  proposed  a  theory,  which  has  obtained  some 
celebrity,  and  which  is  characterized  by  the  ingenuity  that  marked 
every  physical  investigation  of  that  great  philosopher.  Two  strata 
of  clouds,  each  charged  with  vapour,  and  wifli  opposite  electricities, 
are  supposed  to  be  carried  by  different  atmospheric  currents  at  differ- 
ent elevations  to  such  a  position,  that  one  is  vertically  above  the 
other,  and  separated  from  it  by  a  stratum  of  the  atmosphere  of  a 
certain  thickness.  Assuming  that  condensation  and  congelation  are 
produced  in  the  superior  cloud,  and  that  hailstones  of  small  magni- 
tude result  directly  from  the  congelation  of  particles  of  water,  these 
fall  in  a  shower  upon  the  inferior  cloud,  where  their  electricity  is 
first  neutralized  by  an  equal  charge  of  the  contrary  fluid,  and  tbcy 
are  then  charged  with  that  fluid,  when  they  are  repelled  upwards, 
and  rise  again  to  the  superior  cloud,  where  like  efifects  ensue,  and 
they  fall  again  to  the  inferior  cloud,  and  so  continue  to  rise  and  fall 
between  the  two  clouds  upon  the  same  principle  as  the  pith-balls 
move  in  the  experiment  described  in  (1794).  The  gradual  increase 
of  magnitude  of  the  hailstones  during  this  reverberation  between  the 
two  clouds  is  thus  explained  by  Volta :  —  When  they  fall  from  the 
superior  upon  the  inferior  cloud  they  penetrate  it  to  a  certain  depth, 
and  because  of  their  low  temperature,  the  vapour  condenses  and  con- 
geals upon  their  surfaice,  thus  increasing  their  volume.  The  same 
cficct  is  produced  when  they  rise  iv^niu  (u  the  superior  cloud,  and  is 
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lepeaied  each  time  that  they  pass  to  and  fro  from  cloud  to  cloady 
nntil  the  weight  of  the  stones  Ibecomes  so  great  that  it  resists  the 
dectrio  attnustion,  and  they  then  fidl  to  the  earth. 

Yolta  also  ezphuned  how  two  clouds  might  thns  be  charged  with 
(»ntraiy  electrieitieSy  by  the  effect  of  solar  heat  in  producing  evapora- 
tion, and  by  the  assumption  that  vaporization  develops  positive  and 
eondensation  negative  electricity.  This  explanation  is  inadmissible, 
ioasmuch  as  it  b  now  established  that  evaporation  and  condensation 
are  only  attended  with  the  development  of  electricity  when  they 
cause  decomposition.  However,  as  it  is  well  ascertained  that  clouds 
are  frequently  charged  with  opposite  electricities,  this  part  of  the 
hypothesis  of  Yolta  might  be  received  without  objection  as  a  possi- 
bility. But  even  admitting  this,  the  hypothesis  cannot  be  regarded 
as  more  than  an  ingenious  conjecture. 

pn  the  explanation  of  hail  there  are  two  difficulties,  both  of 
which  have  iutherto  transcended  all  the  efforts  of  physicists  to 
resolve  them. 

We  require  to  know,  1st,  how  the  cold  which  congeals  the  water, 
19  produced  ;  and  2d,  how  a  hailstone  which  has  acquired  sufficient 
aze  to  hUL  by  its  own  weight,  remains  suspended  in  the  air  until  it 
acqaires  a  circumference  of  12  or  15  inches. 

The  theory  of  Yolta  just  given  answers  only  the  second  of  these 
questions :  it  has  been  attempted  to  answer  the  first  by  saying  that 
the  cold  is  produced  by  wind.  There  are  winds  which  are  always 
accompanied  by  a  greater  or  less  depression  of  temperature :  such 
are  those  which  are  propagated  by  rarefaction  (2226).  Observation 
has  shown  that  they  may  produce,  at  the  surface  of  the  earth,  a 
fail  of  thirty  degrees;  and  there  is  no  doubt  that,  in  the  higher 
regions  of  the  atmosphere,  they  may  cause  a  still  greater  cold.  Me- 
teOToIogists  ought  then  to  pay  attention  to  this  point,  in  order  to 
ascertain  whether  the  winds  which  bring  hailstorms  are  or  are  not 
winds  propagated  by  rarefaction.  If  the  cold  has  not  this  origin, 
the  whole  difficulty  remains,  and  other  means  must  be  sought  for  its 
solution.  The  theory  which  Yolta  proposed  in  answer  to  the  second 
qoestion  is  liable  to  some  grave  objections :  and  it  is  perhaps  more 
correct  to  suppose  that,  the  cold  being  produced  by  the  wind,  it  is 
also  the  power  of  the  wind  which  carries  the  hailstones  horizontally 
or  at  least  very  obliquely  in  the  atmosphere ;  that  they  thus  traverse 
fifteen  or  twenty  leagues,  and  that  they  have  no  need  of  being  sus- 
pended for  a  very  long  time,  in  the  midst  of  very  dense  and  cold 
clouds,  to  attain  the  enormous  size  which  they  sometimes  have.] 

2257.  The  phenomena  attending  hailstorms. — In  the  absence  of 
any  satisfactory  explanation  of  the  phenomenon,  it  is  important  to 
ascertain  with  precision  and  certainty  the  circumstances  which  attend 
it,  and  the  conditions  under  which  it  is  produced. 

It  may  then,  in  the  first  place,  be  considered  as  certain  ihat  the 

in.  7 


74  METEOROLOGY. 

formation  of  hail  ib  an  effect  of  sudden  electrical  changes  in  clouds 
charged  with  vapour;  for  [hail  ordinarily  precedes  thunderstorms, 
sometimes  accompauying  them,  hut  hardlj'^ver  following  them, 
especially  if  the  storms  are  of  any  duration.] 

Before  the  fall  of  hail,  during  an  interval  more  or  less,  but  some- 
times of  several  minutes'  duration,  a  rattling  noise  is  generally  heard 
in  the  air,  which  has  been  compared  to  that  produced  by  shaking 
violently  bags  of  nuts. 

Ilail  falls  much  more  frequently  by  day  than  by  night  Hail 
clouds  have  generally  great  extent  and  thickness,  as  is  indicated  by 
the  obscuration  they  produce.  They  are  observed  also  to  have  a 
peculiar  colour,  a  grey  having  sometimes  a  reddish  tint.  Their  form 
is  also  peculiar,  their  inferior  surfaces  having  enormous  protu- 
berances, and  their  edges  being  indented  and  ragged. 

Those  clouds  are  often  at  very  low  elevations.  Observers  on 
mountains  very  frequently  see  a  hail  cloud  below  them. 

It  appears,  from  an  examination  of  the  structure  of  hailstones, 
that  at  their  centre  there  is  generally  an  opaque  nucleus,  resembling 
the  spongy  snow  that  forms  sleet.  Hound  this  is  formed  a  congealed 
mass,  which  is  semi-transparent.  Sometimes  this  mass  consists  of 
a  succession  of  layers  or  strata.  These  layers  are  sometimes  all 
transparent,  but  in  different  degrees.  Sometimes  they  are  alter- 
nately opaque  and  semi-transparent. 

[Pouillet  found  that  the  temperature  of  hailstones  varied  from 
31^  to  25°  Fahr.] 

2258.  Extraordinary  examples  of  hailstones,  —  Extraordinary 
reports  of  the  magnitude  of  hailstones,  which  have  fallen  during 
storms  so  memorable  as  to  find  a  place  in  general  history,  have  come 
down  from  periods  of  antiquity  more  or  less  remote.  According  to 
the  Chronicles,  a  hailstorm  occurred  in  the  reign  of  Charlemagne, 
in  which  hailstones  fell  which  measured  fifteen  feet  in  length  by  six 
feet  in  breadth,  and  eleven  feet  in  thickness ;  and  under  the  reign  of 
Tippoo  Saib,  hailstones  equal  in  magnitude  to  elephants  are  said  to 
have  fallen.  Setting  aside  these  and  like  recitals,  as  partaking  rather 
of  the  character  of  fable  than  of  history,  we  shall  find  sufficient  to 
create  astonishment  in  well  authenticated  observations  on  this 
subject. 

In  a  hailstorm  which  took  place  in  Flintshire  on  the  9th  April, 
1G97,  Ilalley  saw  hailstones  which  weighed  five  ounces. 

On  the  4th  May,  1697,  Robert  Taylor  saw  fall  hailstones  mea- 
suring fourteen  inches  in  circumference. 

In  the  storm  which  ravaged  Como  on  20th  August,  1787,  Yolta 
saw  hailstones  which  weighed  nine  ounces. 

Oq  22d  May,  1822,  Dr.  Noggerath  saw  fall  at  Bonn  hailstones 
which  weighed  from  twelve  to  thirteen  ounces. 

It  appears,  therefore,  certain  that  in  different  countries  hailstorms 
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have  occnrrcd  in  which  stones  weighing  from  half  to  three  quarters 
of  a  pound  have  fallen. 

[2258*  Disastrous  hailstorm  in  France  and  TTollandy  in  1788. 
— To  give  some  idea  of  how  far  this  terrible  scourge  may  extend, 
iind  with  what  velocity  it  may  be  propagated,  some  details  will  here 
l*  reported  of  the  famous  stnrm  which  traversed  France  and  Hol- 
land on  the  13th  of  July,  1788.  This  storm  was,  without  doubt, 
the  most  disastrous  and  frightful,  as  well  as  the  best  observed,  on 
record. 

The  storm  was  propagated  simultaneously  in  two  bands,  nearly 
parallel,  and  extending  from  the  southwest  to  the  northeast.  The 
eastern  hand  was  the  narrowest,  having  the  average  breadth  of  two 
leagaes  and  a  quarter :  that  of  the  western  was  four  leagues.  They 
were  separated  by  a  band,  of  about  five  leagues  in  average  breadth, 
which  received  only  an  abundant  rain.  To  the  east  of  the  eastern 
band,  and  to  the  west  of  the  western  band,  there  was  also  much  rain, 
but  over  an  extent  not  well  determined.  £aeh  band  had  a  total 
leDgth  of  more  than  200  leagues.  All  points  in  this  immense  ex- 
tent were  not  struck  at  once ;  but  it  was  found,  on  comparing  the 
times,  that  the  storm  advanced  at  the  rate  of  about  50  miles  per 
hoar  from  the  Pyrenees,  where  it  seemed  to  have  originated,  to  the 
Baltic  Sea,  where  all  trace  of  it  was  lost  At  each  pointy  the  hail 
fell  only  for  about  seven  or  eight  minutes. 

The  number  of  parishes  laid  waste  in  France  was  1039 ;  the  total 
loss  was  found  on  official  inquiry  to  be  24,690,000  francs. 

This  phenomenon  presents  the  most  prodigious  example  both  of 
the  forces  which  act  in  collecting  watery  vapour  and  maintaining  it 
gospended  in  the  air,  and  of  those  which  produce,  amid  the  heats  of 
summer,  a  sudden  depression  of  temperature  in  widely-extended 
atmospheric  regions.] 
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2259.  The  air  generally  charged  with  positive  electricity,  —  The 
terrestrial  globe  which  we  inhabit  is  invested  with  an  ocean  of  air  the 
depth  of  which  is  about  the  200th  part  of  its  diameter.  It  may 
therefore  be  conceived  by  imagining  a  coating  of  air,  the  tenth  of  an 
inch  thick,  investing  a  twenty-inch  globe.  This  aerial  ocean,  rela- 
tively shallow  as  it  is,  at  the  bottom  of  which  the  tribes  of  organized 
aatore  have  their  dwelling,  is  nevertheless  the  theatre  of  stupendous 
eleetrical  phenomena. 
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It  may  be  stated  as  a  general  fact,  that  the  atmosphere  which  thus 
covers  the  globe  is  charged  with  positive  electricity^  which,  acting  by 
induction  on  the  superficial  stratum  of  the  globe  on  which  it  rests, 
decomposes  the  natural  electricity,  attracting  the  negative  fluid  to 
the  surface  and  repelling  the  positive  fluid  to  the  inferior  strata. 
The  globe  and  its  atmosphere  may  therefore  be  not  inaptly  compared 
to  a  Leyden  phial,  the  outer  coating  of  which  being  placed  in  con- 
nexion with  the  prime  conductor  of  a  machine,  is  charged  with 
positive  electricity,  and  the  inner  coating  being  in  connexion  with 
the  ground,  is  charged  by  induction  with  negative  electricity.  The 
outer  coating  represents  the  atmosphere,  and  the  inner  the  superfidal 
stratum  of  the  globe. 

2260.  This  state  subject  to  variations  and  exceptions.  —  This 
normal  state  of  the  general  atmospheric  ocean  is  subject  to  variations 
and  exceptions;  variations  of  intensity  and  exceptions  in  quality  or 
name.  The  variations  are  periodical  and  accidental.  The  excep- 
tions local )  patches  of  the  general  atmosphere  in  which  clouds  float 
being  occasionally  charged  with  negative  electricity. 

2261.  Diurnal  variations  of  electrical  intensity. — ^The  intensity 
of  the  electricity  with  which  the  atmosphere  is  charged  varies,  in  the 
course  of  twenty-four  hours,  alternately  increasing  and  decreasing. 
It  begins  to  decrease  at  a  few  minutes  after  sunrise,  and  continues  to 
decrease  until  two  or  three  o'clock  in  the  afternoon,  when  it  attains 
a  minimum.  It  then  increases  and  continues  to  increase  until  some 
minutes  after  sunset,  when  it  attains  a  maximum.  After  that  it 
again  decreases,  attaining  a  minimum  at  a  certain  time  in  the  night, 
which  varies  in  different  places  and  different  seasons,  after  which  it 
again  increases  and  attains  a  maximum  at  a  few  minutes  after  sun- 
rise. 

In  general,  in  winter,  the  electricity  of  the  air  is  more  intense 
than  in  summer. 

2262.  Observations  of  Qvetelet. — ^These  were  the  general  results 
of  the  extensive  series  of  observations  on  atmospheric  electricity 
made  by  Saussure.  More  recently  they  have  been  confirmed  by  the 
observations  of  M.  Quetelet,  which  have  been  continued  without 
interruption  daily  at  the  Observatory  of  Brussels  for  the  last  ten 
years.  M.  Quetelet  found  that  the  first  maximum  was  manifested 
about  8  a.m.,  and  the  second  about  9  p.  M.  The  minimum  in  the 
day  was  at  3  p.m.  He  found  also  that  the  mean  intensity  was 
greatest  in  January  and  least  in  June. 

Such  are  the  normal  changes  which  the  electrical  condition  of  the 
air  undergoes  when  the  atmosphere  is  clear  and  unclouded.  When, 
however,  the  firmament  is  covered  with  clouds,  the  electricity  is  sub- 
ject during  the  day  to  frequent  and  irregular  changes  not  only  in 
intensity  but  in  name ;  the  electricity  being  often  Degative^  owing  to 


ATMOSPHERIC  ELECTRICITY.  77 

tie  pressure  of  clouds  over  the  place  of  observation,  charged  some 
with  positive  and  some  with  negative  electricity. 

StJGS.  Irreguhr  and  local  variations  arid  exceptions.  —  The  in- 
tensity of  the  electricity  of  the  air  is  also  affected  by  the  season  of 
the  jear,  and  by  the  prevalent  character  and  direction  of  the  winds ; 
it  varies  also  with  the  elevation  of  the  strata,  being  in  general 
greater  in  the  higher  than  in  the  lower  regions  of  the  atmosphere. 
The  iotensity  is  generally  greater  in  winter,  and  especially  in  frosty 
weather,  than  in  summer,  and  when  the  air  is  calm  than  when 
vinds  prevail. 

Atmospheric  deposits,  such  as  rain,  hail,  snow,  &c.,  are  sometimes 
positive  and  sometimes  negative,  varying  with  the  direction  of  the 
wind.  North  winds  give  positive,  and  south  winds  negative  deposits. 

2264.  Methods  of  observing  atmospheric  ehctriciti/.  —  The  elcc- 
tridty  of  the  atmosphere  is  observed  by  erecting  in  it,  to  any  desired 
elevation,  pointed  metallic  conductors,  from  the  lower  extremities  of 
which  wires  are  carried  to  electroscopes  of  various  forms,  according 
to  the  intensity  of  the  electricity  to  be  observed.  All  the  usual 
effects  of  artificial  electricity  may  be  reproduced  by  such  means ; 
?paAs  may  be  taken,  light  bodies  attracted  and  repelled,  electrical 
Wlls,  SQch  as  those  described  in  (1792),  affected ;  and,  in  fine,  all 
the  Qsaal  effects  of  the  fluid  produced.  So  immediate  is  the  increase 
<i  electrical  tension  in  rising  through  the  strata  of  the  air,  that  a 
gold-leaf  electroscope  properly  adapted  to  the  purpose,  and  reduced 
to  its  natural  state,  when  placed  horizontally  on  the  ground,  will 
show  a  sensible  divergence  when  raised  to  the  level  of  the  eyes. 

2265.  Methods  of  ascertaining  the  electrical  condition  of  the 
higher  strata. — To  ascertain  the  electrical  condition  of  strata  too 
l^levated  to  be  reached  by  a  fixed  conductor,  the  extremity  of  a  flex- 
ible wire,  to  which  a  metallic  point  is  attached,  is  connected  with  a 
beary  ball,  which  is  projected  into  the  air  by  a  gun  or  pistol,  or  to 
an  arrow  projected  by  a  bow.  The  projectile,  when  it  attains  the 
limit  of  its  flight,  detaches  the  wire  from  the  electroscope,  which 
then  indicates  the  electrical  state  of  the  air  at  the  highest  point 
attained  by  the  projectile. 

The  expedient  of  a  kite,  used  with  so  much  success  by  Franklin, 
Komas,  and  others,  to  draw  electricity  from  the  clouds,  may  also  be 
adopted  with  advantage,  more  especially  in  cases  where  the  atmo- 
^beric  strata  to  be  examined  are  at  a  considerable  elevation. 

2266.  Remarhahle  eoeperiments  of  Romas,  1757. — The  vast 
tpiaiitities  of  electricity  with  which  the  clouds  are  sometimes  charged 
were  rendered  manifest  in  a  striking  manner  by  the  well-known 
experiments  made  by  means  of  kites  by  Komas  in  1757.  The  kite, 
^^snyiog  a  metallic  point,  was  elevated  to  the  strata  in  which  the 
elec^  dond  floated.  A  wire  was  connected  with  the  cord,  and  ear- 
ned from  the  pointed  conductor  borne  by  the  kite  to  a  part  of  the 
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oord  at  some  distance  from  the  lower  extremity,  where  it  was  turned 
aside  and  brought  into  connexion  with  an  electroscope,  or  other 
experimental  means  of  testing  the  quantity  and  quality  of  the  elec- 
tricity with  which  it  was  charged.  Bomas  drew  from  the  extremity 
of  this  conducting  wire  not  only  strong  electric  sparks,  but  blades 
of  fire  nine  or  ten  feet  in  length  and  an  inch  in  thickness,  the  dis 
charge  of  which  was  attended  with  a  report  as  loud  as  that  of  a  pistol. 
In  less  time  than  an  hour,  not  less  than  thirty  flashes  of  this  magni- 
tude and  intensity  were  often  drawn  from  the  conductor,  besides 
many  of  six  or  seven  feet  and  of  less  length. 

2267.  Electrical  charge  ofchmds  varies.  —  It  has  been  shown  by 
means  of  kites  thus  applied,  that  the  clouds  are  charged  some  with 
positive  and  some  with  negative  electricity,  while  some  are  observed 
to  be  in  their  natural  state.  These  circumstances  serve  to  explain 
some  phenomena  observed  in  the  motions  of  the  clouds  which  are 
manifested  in  stormy  weather.  Clouds  which  are  similarly  electrified 
repel,  and  those  which  are  oppositely  electrified  attract  each  other. 
Hence  arise  motions  among  such  clouds  of  the  most  opposite  and 
complicated  kind.  While  they  are  thus  reciprocally  attracted  and 
repelled  in  virtue  of  the  electricity  with  which  they  are  charged,  they 
are  also  transported  in  various  directions  by  the  currents  which  pre- 
vail in  the  atmospheric  strata  in  which  they  float,  these  currents 
often  having  themselves  different  directions. 

2268.  Thunder  and  lightning,  —  Such  appearances  are  the  sure 
prognostics  of  a  thunderstorm.  Clouds  charged  with  contrary  elec- 
tricities afieot  each  other  by  induction,  and  mutually  attract,  whether 
they  float  in  the  same  stratum  or  in  strata  at  different  elevations. 
When  they  come  within  striking  distance,  that  is  to  say,  such  a  dis- 
tance that  the  force  of  the  fluids  with  which  they  are  charged  sur- 
passes  the  resistance  of  the  intervening  air,  the  contrary  fluids  rush 
to  each  other,  and  an  electrical  discharge  takes  place,  upon  the  same 
principle  as  the  same  phenomenon  on  a  smaller  scale  is  produced 
when  the  charges  of  the  internal  and  external  coatings  of  a  Leyden 
jar,  overcoming  the  resistance  of  the  uncoated  part,  rush  together 
and  a  spontaneous  discharge  is  made. 

The  sound  and  the  flash,  the  thunder  and  the  lightning,  are  only 
the  reproduction  on  a  more  vast  scale  of  the  explosion  and  spark  of 
the  iar. 

The  clouds,  however,  unlike  the  metallic  coatings  of  the  jar,  arc 
very  imperfect  conductors,  and  consequently,  when  discharged  at  one 
part  of  their  vast  extent,  they  preserve  elsewhere  their  electricity  in 
its  original  intensity.  Thus,  the  first  discharge,  instead  of  establish^ 
ing  equilibrium,  rather  disturbs  it;  for  the  part  of  the  cloud  which  is 
atUl  charged  is  alone  atjbract^d  by  the  part  of  the  other  cloud  in  which 
the  fluid  has  not  yet  been  neutralized.  Hence  arise  various  and 
complicated  motions  and  variations  of  form  of  the  clonds,  an(i  a  sue- 
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cesnon  of  discharges  between  the  same  clouds  most  take  place  before 
the  electrical  eqnilibriain  is  established.  This  is  necessarily  attended 
bj  a  coiresponding  succession  of  flashes  of  lightning  and  claps  of 

thunder. 


9.  Farm  and  extent  of  the  JUuk  of  lightniTUj.  — The  form  of 
the  flash  in  the  case  of  lightning,  like  that  of  the  spark  taken  from 
an  electrified  conductor^  is  zigzag.  The  doublings  or  acute  angles 
formed  at  the  successive  points  when  the  flash  changes  its  direction 
varj  in  number  and  proximity.  The  cause  of  this  zigzag  course, 
whether  of  the  electric  spark  or  of  lightningj  has  not  been  explained 
in  any  clear  or  satisfactory  manner. 

The  length  of  the  flashes  of  lightning  also  varies ;  in  some  cases 
they  hare  been  ascertained  to  extend  to  from  two  and  a  half  to  three 
miles.  It  is  probable,  if  not  certain,  that  the  line  of  light  exhibited 
by  flashes  of  forked  lightning  arc  not  in  reality  one  continued  line 
simultaneously  luminous,  but  that  on  the  contrary  the  light  is 
deTeloped  successively  as  the  electricity  proceeds  in  its  course  \  the 
appearance  of  a  continuous  line  of  light  being  an  optical  effect  ana- 
li^OQs  to  the  continuous  line  of  light  exhibited  when  a  lighted  stick 
is  moved  rapidly  in  a  circle,  the  same  explanation  being  applicable 
to  the  case  of  lightning  (1143). 

2270.  Caiuet  of  the  reding  of  thunder. — As  the  sound  of  thunder 
is  produced  by  the  passage  of  the  electric  fluid  through  the  air  which 
it  suddenly  compresses,  it  is  evolved  progressively  along  the  entire 
space  along  which  the  lightning  moves.  But  since  sound  moves 
only  at  the  rate  of  1100  feet  per  second,  while  the  transmission  of 
light  is  so  rapid  that  in  this  case  it  may  be  considered  as  practically 
iiutantaneous,  the  sound  will  not  reach  the  ear  for  an  interval  greater 
or  less  afiter  the  perception  of  the  light,  just  as  the  flash  of  a  gun  is 
seen  before  the  report  is  heard  (881). 

By  noting  the  interval,  therefore,  which  elapses  between  the  per- 
ception of  the  flash  and  that  of  the  sound,  the  distance  of  the  point 
where  the  discharge  takes  place  can  be  computed  approximately  by 
allowing  1100  feet  for  every  second  in  the  interval. 

Bat  since  a  separate  sound  is  produced  at  every  point  through 
which  the  flash  passes,  and  as  these  points  are  at  distances  from  the 
(observer  which  vary  according  to  the  position,  length,  direction,  and 
form  of  the  flash,  it  will  follow  necessarily  that  the  sounds  produced 
by  the  same  flash,  though  practically  simultaneous,  because  of  the 
great  velocity  with  which  the  electricity  moves,  arrive  at  the  ear  in 
comparatively  slow  succession.  Thus,  if  the  flash  be  transmitted  in 
the  exact  direction  in  which  the  observer  is  placed,  and  its  length  be 
11,000  feet,  the  distances  of  the  pomts  where  the  first  and  last 
soonds  are  produced  will  differ  by  ten  times  the  space  through  which 
sound  moves  in  one  second.    The  first  sound  will,  therefore,  be  heard 
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t43n  seconds  before  the  last,  and  the  intermediate  sounds  will  be  heard 
during  the  interval. 

The  varying  loudness  of  the  successive  sounds  heard  in  the  rolling 
of  thunder  proceeds  in  part  from  the  same  causes  as  the  varying 
intensity  of  the  light  of  the  flash.  But  it  may,  perhaps,  be  more 
satisfactorily  explained  by  the  combination  of  the  successive  dis- 
charges of  the  same  cloud  rapidly  succeeding  each  other,  and  com- 
bining their  effects  with  those  arising  from  me  varying  distances  of 
different  parts  of  the  same  flash. 

2271.  Affected  hy  the  zigzag  form  of  lightning. —li  appears  to  us 
that  the  varying  intensity  of  the  rolling  of  thunder  may  also  be  very 
clearly  and  satisfactorily  explained  by  the  zigzag  form  of  the  flash , 
combined  with  the  effect  of  the  varying  distance ;  and  it  seems  extra- 
ordinary that  an  explanation  so  obvious  has  not  been  suggested. 
Let  A;  B,  c,  j>y  fig,  676.,  be  a  part  of  a  zigzag  flash  seen  by  an 
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Fig.  676. 


observer  at  o.  Taking  o  as  a  centre,  suppose  arcs  o  c  and  b  ft  of 
circles  to  be  drawn,  with  o  o  and  o  b  as  radii.  It  is  clear  that  the 
points  c  and  c,  and  b  and  h,  being  respectively  equally  distant  from 
the  observer,  the  sounds  produced  there  will  be  heard  simultane- 
ously, and,  supposing  them  equal,  will  produce  the  perception  of  a 
sound  twice  as  loud  as  either  heard  alone  would  do.  All  the  points 
on  the  zigzag  c  B  c  &  are  so  placed  that  three  of  them  are  equi- 
distant from  o.  Thus,  if  witn  o  as  centre,  and  O  m  as  radius, 
a  circular  arc  bo  described,  it  will  intersect  the  path  of  the  light- 
ning at  the  three  points  m,  m',  and  m',  and  these  three  points 
being,  therefore,  at  the  same  distance  from  o,  the  sounds  produced 
at  them  will  reach  the  observer  at  the  same  moment,  and  if  they  bo 
equally  intense  will  produce  on  the  ear  the  same  effect  as  a  single 
sound  three  times  as  loud.  The  same  will  be  true  for  all  the  points 
of  the  zigzag  between  c  and  h.  Thus,  in  this  case,  supposing  the 
intensity  of  the  lightning  to  be  uniform  from  A  to  D,  there  will  be 
three  degrees  of  loudness  in  the  sound  produced,  the  least  between 
A  and  c  and  between  h  and  B,  the  greatest  between  c  and  h  along 
the  zigzag,  and  the  intermedlc^te  at  the  points  c  c  and  b  6, 
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It  is  evident^  that  from  the  infinite  yariety  of  fonn  and  position 
inth  relation  to  the  observer^  of  which  the  course  of  the  lightning 
is  snsceptible^  the  variations  of  intensity  of  the  rolling  of  Qiunder 
which  may  be  explained  in  this  way  have  no  limit. 

2272.  Affected  hy  the  varying  distance  of  different  parts  of  the 
flash. — Since  the  loudness  of  a  sound  diminishes  as  the  square  of 
the  distance  of  the  observer  is  increased  (844),  it  is  clear  that  this 
affinds  another  means  of  ezphiining  the  varying  loudness  of  the 
rolling  of  thunder. 

2273.  Affected  hy  echo  and  hy  interference.  — As  the  rolling  of 
thunder  is  much  more  varied  and  of  longer  continuance  in  moun- 
tainous re^ona  than  in  open  plane  countries,  it  is,  no  doubt,  also 
affected  by  reverberation  from  every  surfiioe  which  it  encounters 
while  G:^ble  of  reflecting  sound.  A  part  therefore  of  the  rolling 
must  be  in  such  cases  the  effect  of  echo. 

*     It  has  been  also  conjectured  that  the  acoustic  effects  are  modified 
by  the  effects  of  interference  (836). 

2274.  Inductive  action  of  clouds  on  the  earth. — ^A  cloud  charged 
with  electricity,  whatever  be  the  quality  of  the  fluid  or  the  state  of 
the  atmosphere  around  it,  exercises  by  induction  an  action  on  all 
bodies  upon  the  earth's  surface  immediately  under  it.  It  has  a 
tendency  to  decompose  their  natural  electricity,  repelling  the  fluid 
of  the  same  name,  and  attracting  to  the  highest  points  the  fluid  of 
a  ooninry  name.  The  effects  thus  actually  produced  upon  objects 
exposed  to  such  induction  will  depend  on  the  intensity  and  quality 
of  the  electricity  with  which  the  cloud  is  charged,  its  distance,  the 
conductibility  of  the  materials  of  which  the  bodies  affected  consist, 
their  magnitude,  position,  and,  above  all,  their  form. 

Water  being  a  much  better  conductor  than  earth  in  any  state  of 
aggregation,  thunder  clouds  act  with  greater  energy  on  the  sea,  lakes, 
and  other  large  collections  of  water.  The  flash  has  a  tendency  to 
pass  between  the  cloud  and  the  water,  just  as  the  spark  passes  be- 
tween the  conductor  of  an  electric  machine  and  the  hand  presented 
to  it.  K  the  water  were  covered  with  a  thin  sheet  of  glass,  the 
lightning  would  still  pass,  breaking  through  the  glass;  because, 
although  the  glass  be  a  non-conductor,  it  does  not  intercept  the  con- 
ductive action  of  the  cloud,  any  more  than  a  thin  glove  of  varnished 
silk  on  the  hand  would  intercept  the  spark  from  the  conductor. 

2275.  Formation  of  fulgurites  explained, — This  explains  the  fact 
that  lightning  sometimes  penetrates  strata  of  the  solid  ground  under 
which  subterranean  reservoirs  of  water  are  found.  The  water  of 
such  reservoirs  b  affected  by  the  inductive  action  of  an  electrified 
cloud,  and  in  its  turn  reacts  upon  the  cloud  as  one  coating  of  a 
Ijeyden  jar  reacts  upon  the  other.  When  this  mutual  action  is  suf- 
ficxentiy  strong  to  overcome  the  resistance  of  the  subjacent  atmo* 
^here  and  the  strata  of  soil  under  which  the  subterranean  resev- 
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voir  lies,  a  discbarge  takes  place,  and  the  lightning  penetrates  ibe 
strata,  fusing  the  materials  of  which  it  is  composed^  and  leaving  a 
tubular  hole  with  a  hard  vitrefied  coating. 

Tubes  thus  formed  have  been  called  falguriteSj  or  thunder  tvhes. 

2276.  Accidents  of  the  surface  which  attract  lightning.  —  The 
properties  of  points,  edges,  and  other  projecting  parts,  of  conductors, 
which  have  been  already  stated  (1776),  will  render  easily  intelligible 
the  influence  of  mountains,  peaked  hills,  projecting  rocks,  trees, 
lofty  edifioes,  and  other  objects,  natural  and  artificial,  which  project 
upwards  from  the  general  surface  of  the  ground.  Lightning  never 
strikes  the  bottom  of  deep  and  close  valleys.  In  Switzerland,  on 
the  slopes  of  the  Alps  and  Pyrenees,  and  in  other  mountainous  coun- 
tries, multitudes  of  cultivated  valleys  are  found,  the  inhabitants  of 
which  know  by  secular  tradition  that  they  have  nothing  to  fear  from 
•thunderstorms.  If,  however,  the  width  of  the  valleys  were  so  great 
as  twenty  or  thirty  times  their  depth,  clouds  would  occasionally 
descend  upon  them  in  masses  sufficiently  considerable,  and  lightning 
would  strike. 

Solitary  hills,  or  elevated  buildings  rising  in  the  centre  of  an  ex- 
tensive plain,  are  peculiarly  exposed  to  lightning,  since  there  are  no 
other  projecting  objects  near  them  to  divert  its  course. 

Trees,  especially  if  they  stand  singly  apart  from  x>ther8,  are  likely 
to  be  struck.  Being  from  their  nature  more  or  less  impregnated 
with  sap,  which  is  a  conductor  of  electricity,  they  attract  the  floid^ 
and  are  struck. 

The  effects  of  such  objects  are,  however,  sometimes  modified  by 
the  agency  of  unseen  causes  below  the  surface.  The  condition  of 
the  soil,  subsoil,  and  even  the  inferior  strata,  the  depth  of  the  roots 
and  their  dimensions,  also  exercise  considerable  influence  on  tbe 
phenomena,  so  that  in  the  places  where  there  is  the  greatest  appa- 
rent safety  there  is  often  the  greatest  danger.  It  is,  nevertheless,  a 
good  general  maxim  not  to  take  a  position  in  a  thunderstorm  either 
under  a  tree  or  close  to  an  elevated  building,  but  to  keep  as  much 
as  possible  in  the  open  plain. 

2277.  Lightntng  follows  conductors  hy  preference, — Its  effects  on 
huUdings.  —  Lightning  felling  upon  buUdings  chooses  by  preference 
the  points  which  are  the  best  conductors.  It  sometimes  strikes  and 
destroys  objects  which  are  non-conductors,  but  this  happens  generally 
when  such  bodies  lie  in  its  direct  course  towards  conductors.  Thus 
lightning  has  been  found  to  penetrate  a  wall,  attracted  by  a  mass  of 
metal  placed  within  it. 

Metallic  roofs,  beams,  braces,  and  other  parts  in  buildings,  are 
liable  thus  to  attract  lightning.  The  heated  and  rarefied  air  in 
chimneys  acquires  conductibility.  Hence  it  happens  often  that 
lightning   descends   chimneys,  and   thus   passes  into   rooms.     It 
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follows  beD-wires,  metallic  mouldings  of  walls  and  forniiare^  and 
fasea  Riding. 

2278.  Conductors  or  paratonnerres  [Itghtmng-rods] /or  the  pro- 
tniion  of  buildings.  —  The  purpose  of  paratuDueires  [lightning-rods] 
or  eondactors  erected  for  the  protection  of  buUdings,  is  not  to  repel, 
but  nther  to  attract  lightning,  and  divert  it  into  a  course  in  which 
it  will  be  innoxious. 

A  paratonnerre  is  a  pointed  metallic  rod,  the 
length  of  which  varies  with  the  building  on  which 
it  is  placed,  but  which  is  generally  from  thirty 
to  forty  feet.  It  is  erected  vertically  over  the 
object  it  is  intended  to  protect.  From  its  base 
an  unbroken  series  of  metallic  bars,  soldered  or 
welded  together  end  to  end,  are  continued  to  the 
ffround,  where  they  are  buried  in  moist  soil,  or, 
better  still,  immersed  in  water,  so  as  to  facilitate 
the  escape  of  the  fluid  which  descends  upon  them. 
If  water,  or  moist  soil,  cannot  be  conveniently 
found,  it  should  be  connected  with  a  sheet  of 
metal  of  considerable  superficial  magnitude, 
buried  in  a  pit  filled  with  pounded  charcoal, 
or,  better  still,  with  braise  [small  coal]. 

The  parts  of  a  well-constructed  paratonnerre 
are  represented  in  fig.  ^11.  The  rod,  which  is 
of  iron,  is  round  at  its  base,  then  square,  and 
decreases  gradually  in  thickness  to  the  summit. 
It  is  composed  commonly  of  three  pieces  closely 
joined  together,  and  secured  by  pins  passed  trans- 
versely through  them.  In  the  figure  are  repre- 
sented only  the  two  extremities  of  the  lowest, 
and  those  of  the  intermediate  piece,  to  avoid 
giving  inconvenient  magnitude  to  the  diagram. 
The  superior  piece,  g^  is  represented  complete. 
It  is  a  rod  of  brass  or  copper,  about  two  feet  in 
length,  terminating  in  a  platinum  point,  about 
three  inches  long,  attached  to  the  rod  by  silver 
solder,  which  is  further  secured^by  a  brass  ferule, 
which  gives  the  projecting  appearance  in  the  dia- 
gram below  the  point. 

Three  of  the  methods,  reputed  the  most  effi- 
cient for  attaching  the  paratonnerre  to  the  roof,  are 
represented  in  fig.  678.,  at  p,  /,  and  /.  At  p 
the  rod  is  supported  against  a  vertical  piece,  to 
which  it  is  attached  by  stirrups ;  at  /it  is  bolted 
upon  a  diagonal  brace ;  and  at  /  it  is  simply 
secured  by  bolts  to  a  horizontal  beam  through 
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The  conductor  is  continued  downwards  along  the  wall  of  the  edi- 
fice, or  in  any  other  convenient  course,  to  the  ground,  either  by  bars 
of  iron,  round  or  square,  or  by  a  cable  of  iron  or  copper  wires,  such 
as  is  sometimes  used  for  the  lighter  sort  of  suspension  bridges.  This 
is  attached,  at  its  upper  extremity,  to  the  base  of  the  paratonnerre  by 
a  joint,  which  is  hermetically  closed,  so  as  to  prevent  oxidation, 
which  would  produce  a  dangerous  solution  of  continuity. 

To  comprehend  the  protective  influence  of  this  apparatus,  it  must 
be  considered  that  the  inductive  action  of  a  thunder-cloud  decomposes 
the  natural  electricity  of  the  rod  more  energetically  than  that  of  sur- 
rounding objects,  both  on  account  of  the  materitd  and  the  form  of 
the  rod  (1776).  The  point  becoming  surcharged  with  the  fluid  of  a 
contrary  name  from  that  of  the  cloud  suspended  over  it,  discharges 
this  fluid  in  a  jet  towards  the  cloud,  where  it  combines  with  and 
neutralizes  an  equal  quantity  of  the  electricity  with  which  the  cloud 
is  charged,  and,  by  the  continuance  of  this  process,  ultimately  reduces 
the  cloud  to  its  natural  state. 

It  is  therefore  more  correct  to  say  that  the  paratonnerre  draws 
electricity  from  the  ground  and  projects  it  to  the  cloud,  than  that  it 
draws  it  from  the  cloud  and  transmits  it  to  the  earth. 

It  is  evidently  desirable  that  all  conducting  bodies  to  be  protected 
by  the  paratonnerre  should  be  placed  in  metallic  connexion  with  it, 
since  in  that  case  their  electricity,  decomposed  by  the  inductive  actiou 
of  the  clouds,  will  necessarily  escape  by  the  conductor  either  to  the 
earth  or  to  the  cloud  by  the  point. 

It  is  considered  generally  that  the  range  of  protection  of  a  para- 
tonnerre is  a  circle  round  its  base,  whose  radius  is  two  or  three  times 
its  length. 
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2279.  EffecU  ofUghtning  on  bodies  which  it  strikes.— The  effects 
of  lighbung^  like  those  of  electricitj  evolved  by  artificial  means^  are 
threefold:  phjBioIogieal^  physical,  and  mechanical. 

When  lightning  kills,  the  parts  where  it  has  struck  bear  the  marks 
of  severe  burning;  the  bones  are  often  broken  and  crashed,  as  if  they 
bad  been  sabject^  to  violent  mechanical  pressure.  When  it  acts 
OD  tlie  system  by  induction  only,  which  is  called  the  secondary  or 
iodireet  shock,  it  does  not  immediately  kill,  but  inflicts  nervous 
shocks  80  severe  as  sometimes  to  leave  effects  which  are  incurable. 

The  physical  effects  of  lightning  produced  upon  conductors  is  to 
raise  their  temperature.  This  elevation  is  sometimes  so  great  that 
they  are  rendered  incandescent,  fused,  and  even  burned.  This  hap- 
pens occafflonally  with  bell-wires,  especially  in  exposed  and  unpro- 
tected positions,  as  in  courts  or  gardens.  The  drops  of  molten  metal 
produced  in  such  cases  set  fire  to  any  combustible  matter  on  which 
they  may  chance  to  fall.  Wood,  straw,  and  such  non-conducting 
bodies,  are  ignited  generally  by  the  lightning  drawn  through  them 
by  the  atteu;tion  of  other  bodies  near  them  which  are  good  con- 
dactoiB. 

The  mechanical  effects  of  lightning,  the  physical  cause  of  which 
has  not  been  satisfactorily  explained,  are  very  extraordinary.  Enor- 
mous masses  of  metal  are  torn  from  their  supports^  vast  blocks  of 
stone  are  broken,  and  massive  buildings  are  razed  to  the  ground. 
^  2280.  The  Aurora  Borealis  —  the  jphenomenon  unexplained.  — 
No  theory  or  hypothesis  which  has  commanded  general  acceptation, 
baa  yet  been  suggested  for  the  explanation  of  this  meteor.  All  the 
appearances  which  attend  the  phenomenon  are^  however,  electrical ; 
and  its  forms,  directions,  and  positions,  though  ever  varying,  always 
bear  a  remarkable  relation  to  the  magnetic  meridians  and  poles. 
Whatever,  therefore,  be  its  physical  cause,  it  is  evident  that  the 
tbeatre  of  its  action  is  the  atmosphere }  that  the  agent  to  which  the 
deTelopment  is  due  is  electricity,  influenced  in  some  unascertained 
naoner  by  terrestrial  magnetism.  In  the  absence  of  any  satisfactory 
tbeoiy  for  the  explanation  of  the  phenomenon,  we  shall  confine  our- 
seWes  here  to  a  short  description  of  it,  derived  from  the  most  exten- 
a?e  and  exact  series  jof  observations  which  have  been  made  in  those 
regions  where  the  meteor  has  been  seen  with  the  most  marked  char- 
acters and  in  the  greatest  splendour. 

2281.  General  character  of  the  meteor.  —  The  aurora  borealis  is 
a  lominous  phenomenon,  which  appears  in  the  heavens,  and  is  seen 
in  high  ktitudes  in  both  hemispheres.  The  term  aurora  borealis,  or 
i^hem  lights,  has  been  applied  to  it  because  the  opportunities  of 
vitnessing  it  are,  from  the  geographical  character  of  the  globe,  much 
iDoiB  frequent  in  the  northern  than  in  the  southern  hemisphere. 
The  term  aurora  polaris  would  be  a  more  proper  designation. 

This  phenomenon  consists  of  luminous  rays  of  various  odlouzBj 
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issuing  ^m  every  direotion,  bnt  converging  to  the  same  point,  whicli 
appear  after  sunset,  generally  toward  the  north,  occasionally  toward 
the  west,  and  sometimes,  hut  rarely,  toward  the  south.  It  frequently 
appears  near  the  horizon,  as  a  vague  and  di£fuse  light,  something  like 
the  faint  streaks  which  harhinger  the  rising  sun  and  form  the  dawn. 
Hence  the  phenomenon  has  derived  its  name,  the  northern  morning. 
Sometimes,  however,  it  is  presented  under  the  form  of  a  somhre  cloud, 
from  which  luminous  jets  issue,  which  are  often  variously  coloured, 
and  illuminate  the  entire  atmosphere. 

The  more  conspicuous  auroras  commence  to  he  formed  soon  after 
the  close  of  twilight.  At  first  a  dark  mist  or  foggy  cloud  is  per- 
ceived in  the  north,  and  a  little  more  hrightness  towards  the  west 
than  in  the  other  parts  of  the  heavens.  The  mist  gradually  takes 
the  form  of  a  circular  segment,  resting  at  each  comer  on  the  horizon. 
The  visible  part  of  the  arc  soon  becomes  surrounded  with  a  pale 
light,  which  is  followed  by  the  formation  of  one  or  several  luminous 
arcs.  Then  come  jets  and  rays  of  light  variously  coloured,  which 
issue  from  the  dark  part  of  the  segment,  the  continuity  of  which  is 
broken  by  bright  emanations,  indicating  a  movement  of  the  mass, 
which  seems  agitated  by  internal  shocks  during  the  formation  of 
these  luminous  radiations,  that  issue  from  it  as  flames  do  from  a  con- 
flagration. When  this  species  of  fire  has  ceased,  and  the  aurora  has 
become  extended,  a  crown  is  formed  at  the  zenith,  to  which  these 
rays  converge.  From  this  time  the  phenomenon  diminishes  in  its 
intensity,  exhibiting,  nevertheless,  from  time  to  time,  sometimes  on 
one  side  of  the  heavens  and  sometimes  on  another,  jets  of  light,  a 
crown,  and  colours  more  or  less  vivid.  Finally  the  motion  ceases ; 
the  light  approaches  gradually  to  the  horizon ;  the  cloud  quitting  the 
other  parts  of  the  firmament  settles  in  the  north.  The  dark  part  of 
the  segment  becomes  luminous,  its  brightness  being  greatest  near  the 
horizon,  and  becoming  more  feeble  as  the  altitude  augments,  until  it 
loses  its  light  altogether. 

The  aurora  is  sometimes  composed  of  two  luminous  segments, 
which  are  concentric,  and  separated  from  each  other  by  one  dark 
space,  and  from  the  earth  by  another.  Sometimes,  though  rarely, 
there  is  only  one  dark  segment,  which  is  symmetrically  pierced 
round  its  border  by  openings,  through  which  light  or  fire  is  seen. 

2282.  Description  of  auroras  seen  in  the  polar  rajions  hi/  Jf. 
Lotlin,  —  One  of  the  most  recent  and  exact  descriptions  of  this 
meteor  is  the  following,  supplied  by  M.  Lottin,  an  officer  of  the 
French  navy,  and  a  member  of  the  Scientific  Commission,  sent  some 
years  ago  to  the  North  Seas.  Between  September,  1838,  and  April, 
1839,  this  savant  observed  nearly  160  meteors  of  this  class.  They 
were  most  frequent  from  the  17th  November  to  the  25th  Januarv, 
being  the  interval  daring  which  the  sun  remained  constantly  bohiw 
the  horizon.    During  this  period  there  were  sixty-four  auroras  visible, 
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besides  many  wfaieh  a  doixdcd  sky  conoealcd  from  the  eye,  but  the 
presence  of  which  was  indicated  by  the  disturbances  they  produced 
upon  the  magnetic  needle. 

The  succession  of  appearances  and  changes  presented  by  these 
meteors  are  thus  described  by  M.  Lottin :  — 

Between  four  and  eight  o'clock,  P.  m.^  a  light  fog,  rising  to  the 
altitude  of  six  degrees,  became  coloured  on  its  upper  edge^  being 
fringed  with  the  light  of  the  meteor  rising  behind  it.  This  border 
becoming  gradually  more  regular  took  the  form  of  an  arc,  of  a  pale 
yellow  colour,  the  edges  of  which  were  diffuse,  the  extremities  rest- 
ing on  the  horizon.  This  bow  swelled  slowly  upwards,  its  vertex 
being  constantly  on  the  magnetic  meridian.  Blackish  streaks 
divided  regularly  the  luminous  arc,  and  resolved  it  into  a  system  of 
lays;  these  rays  were  alternately  extended  and  contracted;  some- 
times dowly,  sometimes  instantaneously;  sometimes  they  would  dart 
out,  increasing  and  diminishing  suddenly  in  splendour.  The  inferior 
parts,  or  the  feet  of  the  rays,  presented  always  the  most  vivid  light, 
and  formed  an  arc  more  or  less  regular.  The  length  of  these  rays 
was  very  various,  but  they  all  converged  to  that  point  of  the  heavens 
indicated  by  the  direction  of  the  southern  pole  of  the  dipping  needle. 
Sometimes  they  were  prolonged  to  the  point  where  their  directions 
intersected,  and  formed  the  summit  of  an  enormous  dome  of  light. 

The  bow  then  would  continue  to  ascend  toward  the  zenith :  it 
would  suffer  an  undulatory  motion  in  its  light  —  that  is  to  say, 
from  one  extremity  to  the  other  the  brightness  of  the  rays  would 
increase  successively  in  intensity.  This  luminous  current  would 
appear  several  times  in  quick  succession,  and  it  would  pass  much 
more  frequently  from  west  to  east  than  in  the  opposite  direction. 
Sometimes,  but  rarely,  a  retrograde  motion  would  take  place  imme* 
(^tely  afterward ;  and  as  soon  as  this  wave  of  light  had  run  succes- 
nrely  over  all  the  rays  of  the  aurora  from  west  to  east,  it  would 
return  in  the  contrary  direction  to  the  point  of  its  departure,  pro- 
dodng  such  an  effect  that  it  was  impossible  to  say  whether  the  rays 
themselves  were  actually  affected  by  a  motion  of  translation  in  a  direo- 
tioQ  nearly  horizontal,  or  whether  this  more  vivid  light  was  transferred 
from  ray  to  ray,  the  system  of  rays  themselves  suffering  no  change 
of  position.  The  bow,  thus  presenting  the  appearance  of  an  alter- 
nate motion  in  a  direction  nearly  horizontal,  had  usually  the  appear- 
ance of  the  undulations  or  folds  of  a  ribbon  or  flag  agitated  by  the 
wind.  Sometimes  one  and  sometimes  both  of  its  extremities  would 
deaert  the  horizon,  and  then  its  folds  would  become  more  numerous 
and  marked,  the  bow  would  change  its  character,  and  assume  the 
form  of  a  long  sheet  of  rays  returning  into  itself,  and  consisting  of 
several  parts  forming  graceful  curves.  The  brightness  of  the  rays 
would  vary  suddenly,  sometimes  surpassing  in  splendour  stars  of  the 
bst  magnitude ;  these  rays  would  rapidly  dart  out,  and  curves  would 


88  METEOROLOQT. 

be  formed  and  developed  like  the  folds  of  a  serpent;  then  the  lays 
would  affect  various  colours:  the  base  would  be  red,  the  middle 
green,  and  the  remainder  would  preserve  its  clear  yellow  hue.  Sach 
was  the  arrangement  which  the  colours  always  preserved ;  they  were 
of  admirable  transpareDcy,  the  base  exhibiting  blood-red,  and  the 
green  of  the  middle  beiug  that  of  the  pale  emerald ;  the  brightness 
would  diminish,  the  colours  disappear,  and  all  be  extinguished,  some- 
times suddenly,  and  sometimes  by  slow  degrees.  After  this  disap- 
pearance, fragments  of  the  bow  would  be  reproduced,  would  continue 
their  upward  movement,  and  approach  the  zenith ;  the  rays,  by  the 
effect  of  perspective,  would  be  gradually  shortened ;  the  thickness 
of  the  arc,  which  presented  then  the  appearance  of  a  large  zone  of 
parallel  rays,  would  be  estimated ;  then  the  vertex  of  the  bow  would 
reach  the  magnetic  zenith,  or  the  point  to  which  the  south  pole  of 
the  dipping  needle  is  directed.  At  that  moment  the  rays  would  be 
seen  in  the  direction  of  their  feet.  If  they  were  coloured,  they 
would  appear  as  a  large  red  band,  through  which  the  green  tints  of 
their  superior  parts  could  be  distinguished ;  and  if  the  wave  of  light 
above  mentioned  passed  along  them,  their  feet  would  form  a  long 
sinuous  undulating  zone;  while,  throughout  all  these  changes,  the 
rays  would  never  suffer  any  oscillation  in  the  direction  of  their  axis, 
and  would  constantly  preserve  their  mutual  parallelisms. 

While  these  appearances  are  manifested,  new  bows  are  formed, 
either  commencing  in  the  same  difiiise  manner,  or  with  vivid  and 
ready-formed  rays :  they  succeed  each  other,  passing  through  nearly 
the  same  phases,  and  arrange  themselves  at  certain  distances  from 
each  other.  As  many  as  nine  have  been  counted,  forming  as  many 
bows,  having  their  ends  supported  on  the  earth,  and,  in  their  arrange- 
ment^ resembling  the  short  curtains  suspended  one  behind  the  other 
over  the  scene  of  a  theatre,  and  intended  to  represent  the  sky. 
Sometimes  the  intervals  between  these  bows  diminish,  and  two  or 
more  of  them  close  upon  each  other,  forming  one  large  zone,  travers- 
ing the  heavens,  and  disappearing  toward  the  south,  becoming  rapidly 
feeble  after  passing  the  zenith.  But  sometimes,  also,  when  this  zone 
extends  over  the  summit  of  the  firmament  from  east  to  west,  the 
mass  of  rays  which  have  already  passed  beyond  the  magnetic  zenith 
appear  suddenly  to  come  from  the  south,  and  to  form  with  those 
from  the  north  the  real  boreal  corona,  all  the  rays  of  which  converge 
to  the  zenith.  This  appearance  of  a  crown,  therefore,  is  doubtless 
the  mere  effect  of  perspective ;  and  an  observer,  placed  at  the  same 
instant  at  a  certain  distance  to  the  north  or  to  the  south,  would  per- 
ceive only  an  arc. 

The  total  zone  measuring  less  in  the  direction  north  and  south 
than  in  the  direction  east  and  west,  since  it  often  leans  upon  the 
earth,  the  corona  would  be  expected  to  have  an  elliptical  form ;  hut 
that  does  not  always  happen :  it  has  been  seen  circular^  the  unequal 
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rays  Dot  extending  to  a  greater  distance  than  from  eight  to  twelve 
degrees  from  the  zenith,  while  at  other  times  they  reach  the  horizon. 

Let  it,  then,  be  imagined,  that  all  these  vivid  rays  of  light  issue 
forth  with  splendour,  subject  to  continual  and  sudden  variations  in 
their  length  and  brightness ;  that  these  beautiful  red  and  green  tints 
colour  them  at  intervals ;  that  waves  of  light  undulate  over  them ; 
that  currents  of  light  succeed  each  other;  and,  in  fine,  that  the  vast 
firmament  presents  one  immense  and  magnificent  dome  of  light, 
reposing  on  the  snow-covered  base  supplied  by  the  ground — which 
iteclf  serves  as  a  dazzling  frame  for  a  sea,  calm  and  hlack  as  a  pitchy 
lake — and  some  idea,  though  an  imperfect  one,  may  be  obtained  of 
the  splendid  spectacle  which  presents  itself  to  him  who  witnesses 
the  aurora  from  the  bay  of  Alton. 

The  corona,  when  it  is  formed,  only  lasts  for  some  minutes :  it 
sometimes  forms  suddenly,  without  any  previous  bow.  There  are 
rarely  more  than  two  on  the  same  night ;  and  many  of  the  auroras 
irc  attended  with  no  crown  at  all. 

The  corona  becomes  gradually  faint,  the  whole  phenomenon  being 
to  the  south  of  the  zenith,  forming  bows  gradually  paler,  and  gene- 
rally disappearing  before  they  reach  the  southern  horizon.  All  this 
most  commonly  takes  place  in  the  first  half  of  the  night,  after  which 
the  aurora  appears  to  have  lost  its  intensity :  the  pencils  of  rays,  the 
hands  and  the  fragments  of  bows,  appear  and  disappear  at  intervals ; 
then  the  rays  become  more  and  more  difiuscd,  and  ultimately  merge 
into  the  vague  and  feeble  light  which  is  spread  over  the  heavens, 
grouped  like  little  clouds,  and  designated  by  the  name  of  aurorcd 
piaies  (jjlaquex  aurorales).  Their  milky  light  frequently  undergoes 
striking  changes  in  its  brightness,  like  motions  of  dilatation  and  con- 
traction, which  are  propagated  reciprocally  between  the  centre  and 
the  circumference,  like  those  which  are  observed  in  marine  animals 
called  Medusas.  The  phenomena  become  gradually  more  faint,  and 
generally  disappear  altogether  on  the  appearance  of  twilight.  Some- 
times, however,  the  aurora  continues  after  the  commencement  of  day- 
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break,  when  the  light  is  so  strong  that  a  printed  book  may  be  read. 
It  then  disappears,  sometimes  suddenly ;  but  it  often  happens  that, 
as  the  daylight  augments,  the  aurora  becomes  gradually  vague  and 
undefined,  takes  a  whitish  colour,  and  is  ultimately  so  mingled  with 
the  cirrho-stratus  clouds  that  it  is  impossible  to  distiDgaish  it  from 
them. 


Fig.  680. 


Fig.  682. 

Some  of  the  appearances  here  described  are  represented  in  fig^ 
679,  680,  681,  682.,  copied  from  the  memoir  of  M.  Lottin. 

There  is  great  difficulty  in  determining  tho  exact  height  of  the 
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anion  borealis  above  the  earth,  and  accordingly  the  opinions  given 
on  this  sobject  by  different  observers  are  widely  discordant.  Mairan 
supposed  the  mean  height  to  be  175  French  leagues ;  Bergman  says 
4^,  and  Eoler  several  thousand  miles.  From  the  comparison  of  a 
Dumber  of  observations  of  an  aurora  that  appeared  in  March,  1826, 
made  at  different  places  in  the  north  of  England  and  south  of  Scot- 
hod,  Dr.  Dalton,  in  a  paper  presented  to  the  Eoyal  Society,  com- 
puted its  height  to  be  about  100  miles.  But  a  odculation  of  this 
sort,  in  which  it  is  of  necessity  supposed  that  the  meteor  is  seen  in 
exactly  the  same  place  by  the  different  observers,  is  subject  to  very 
great  nnoertainty.  The  observations  of  Dr.  Eichardson,  Franklin, 
Hood,  Parry,  and  others,  seem  to  prove  that  the  place  of  the  aurora 
is  (u  within  the  limits  of  the  atmosphere,  and  scarcely  above  the 
region  of  the  clouds;  in  fact,  as  the  diurnal  rotation  of  the  earth 
prodnoes  no  change  in  its  apparent  position,  it  must  necessarily  par- 
take of  that  motion,  and  consequently,  be  regarded  as  an  atmo- 
spherical phenomenon. 


BOOK   THE   SECOND, 

ASTRONOMY. 


CHAPTER  I. 

METHODS  OF  INVESTIGATION  AND  MEANS  OF  OBSERVATION. 

2283.  The  solar  st/stem.  —  The  earthy  which  in  the  economy  of 
the  uuiverse  has  become  the  habitation  of  the  races  of  men,  is  a 
globular  mass  of  matter,  and  one  of  an  assemblage  of  bodies  of  like 
form  and  analogous  magnitude,  which  revolve  in  paths  nearly  circular 
round  a  common  centre,  in  which  the  sun,  a  globe  having  dimen- 
sions vastly  greater  than  all  the  others,  is  established,  maintaining 
physical  order  among  them  by  his  predominant  attraction,  and  minisk 
tering  to  the  well-being  of  the  tribes  which  inhabit  them  by  a  fit 
and  regulated  supply  of  light  and  heat. 

This  group  of  bodies  is  the  Solar  System. 

2284.  The  stellar  universe,  —  In  the  vast  regions  of  space  which 
surround  this  system  other  bodies  similar  to  the  sun  are  placed, 
countless  in  number,  and  most  of  them,  according  to  all  probability, 
superior  in  magnitude  and  splendour  to  that  luminary.  With  these 
bodies,  which  seem  to  be  scattered  throughout  the  depths  of  im- 
mensity without  any  discoverable  limit,  we  acquire  some  acquaintance 
by  the  mere  powers  of  natural  vision,  aided  by  those  of  the  under- 
standing; but  this  knowledge  has  received,  especially  in  modem 
times,  prodigious  extension  from  the  augmented  range  given  to  the 
eye  by  the  telescope,  and  by  the  great  advances  which  have  been 
made  in  mathematical  science,  which  may  be  considered  as  conferring 
upon  the  mind  the  same  sort  of  enlarged  power  as  the  telescope  has 
conferred  upon  the  eye. 

2285.  Subject  of  astronomy — origin  of  the  name,  —  The  inves- 
tigation of  the  magnitudes,  distances,  motions,  local  arrangement-s, 
and,  so  far  as  it  can  be  ascertained,  the  physical  condition  of  these 
great  bodies  composing  the  Universe,  constitutes  the  subject  of 
that  branch  of  science  called  Astronomy,  a  term  derived  from  the 
Greek  words  otfti^p  Taster),  a  star  (under  which  all  the  heavenly 
bodies  were  included),  and  vofto^  (nomos),  A  law — the  science  which 
expounds  the  laws  which  govern  the  motions  of  the  stars. 

(92) 
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2286.  It  treats  of  tnaccesnhle  objects, — It  is  eTident,  therefore, 
that  astronomy  is  distinguished  from  all  other  divisions  of  natural 
science  by  this  peculiarity,  that  the  bodies  which  are  the  subjects  of 
ohserration  and  enquiry  are  all  of  them  inaccessible.  Even  the 
earth  itself,  which  the  astronomer  regards  as  a  celestial  object — an 
•wjpj— is  to  him,  in  a  certain  sense,  even  more  inaccessible  than  the 
others;  for  the  very  fact  of  his  place  of  observation  being  confined 
strictlj  to  its  sar&ce,  an  insignificant  part  of  which  alone  can  be 
ohserred  by  him  at  any  one  moment,  renders  it  impossible  for  him 
to  examine,  by  direct  observation,  the  earth  as  a  whole — the  only 
vaj  in  which  he  desires  to  consider  it, — and  obliges  him  to  resort  to 
a  variety  of  indirect  expedients  to  acquire  that  knowledge  of  its 
dimensioDs,  form,  and  motions,  which,  with  regard  to  other  and 
more  distant  objects,  results  from  direct  and  immediate  observation. 

2287.  Bience  arise  peculiar  methods  of  investigation  and  peculiar 
instruments  of  observation.  —  This  circumstance  of  having  to  deal 
exelofiively  with  inaccessible  objects  has  obliged  the  astronomer  to 
invent  peculiar  modes  of  reasoning  and  peculiar  instruments  of  ob- 
8ervati<»,  adapted  to  the  solution  of  such  problems,  and  to  the  dis- 
eoTeiy  of  the  necessary  data.  Much  needless  repetition  will  then 
be  saved  by  explaining  once  for  all,  with  as  much  brevity  as  is  com- 
patible with  clearness,  the  most  important  classes  of  those  problems 
whieh  determine  the  circumstances  of  each  particular  celestial  object, 
end  by  describing  the  principal  instruments  of  observation  by  which 
the  necessary  data  are  obtained. 

2288.  Direction  and  bearing  of  visible  objects.  —  The  eye  esti- 
mates only  the  direction  or  relative  bearings  of  objects  within  the 
lange  d.  vision,  but  tupplies  no  direct  means  of  determining  their 
distances  from  each  other,  or  from  the  eye  itself  (1168,  et  seq.). 

The  absolute  direction  of  a  visible  object  is  that  of  a  straight  line 
dcavn  from  the  eye  to  the  object. 

The  rektive  direction  or  bearing  of  an  object  is  determined  by 
the  angle  formed  by  the  absolute  direction  with  some  other  fixed  or 
known  direction,  such  as  that  of  a  line  drawn  to  the  north,  south, 
east,  or  west. 

2289.  The^f  supply  the  means  of  ascertaining  the  distances  and 
positions  of  inaccessible  objects,  —  By  comparing  the  relative  bear- 
mgB  of  inaccessible  objects,  taken  from  two  or  more  accessible  points 
whose  distance  from  each  other  is  known,  or  can  be  ascertained  by 
actual  measurement,  the  distances  of  such  inaccessible  objects  from 
the  accessible  objects,  from  the  observer,  and  from  each  other,  may 
be  determined  by  computation.  Such  distances  being  once  known, 
heeome  ihe  data  by  which  the  mutual  distances  of  other  inaccessible 
objects  from  the  former,  and  from  each  other,  may  be  in  like  manner 
oompated;  so  that,  by  starting  in  this  manner  from  two  objects 
whose  mutual  distance  can  be  actually  measured,  we  may  proceed, 
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by  a  chain  of  oomputationB,  to  dotcrmine  tbe  relative  distances  and 
positions  of  all  other  objects;  however  inaccessible^  that  fall  within 
the  range  of  vision. 

2290.  Angular  magnitude  —  its  importance.  —  It  will  be  appa- 
rent;  therefore,  that  angular  magnitude  plays  a  most  prominent 
part  in  astronomical  investigations,  and  it  is,  before  all;  necessary 
that  the  student  should  be  rendered  familiar  with  it. 

2291.  Division  of  the  circle  —  its  nomenclature. — A  circle  is 

divided  into  four  equal  arcs,  called  quadrants, 
by  two  diameters  aa'  and  bb'  iDtersecting 
at  right  angles  at  the  centre  c,  fig.  683. 

The  circumference  being  supposed  to  be 
divided  into  360  equal  parts,  each  of  which  is 
called  a  degbeE;  a  quadrant  will  consist  of 
90  degrees. 

Angles  are  subdivided  in  the  same  manner 
as  the  arcs  which  measure  them ;  and  accord- 
ingly a  right  angle,  such  as  A  c  B,  being  divided 
into  90  equal  angles,  each  of  these  is  a 

Fig.  683.  DEGREE. 

If  an  angle  or  arc  of  one  degree  be  divided 
into  60  equal  parts,  each  of  these  is  called  a  minute. 

If  an  angle  or  arc  of  one  minute  be  divided  into  60  equal  parts, 
each  such  part  is  called  a  seoond. 

Angles  less  than  a  second  are  usually  expressed  in  decimal  parte 
of  a  second. 

Degrees,  minutes,  and  seconds,  are  usually  expressed  by  the  signs, 
®,  V';  thus,  25°  Z(y  40"-9  means  an  angle  or  Wo  which  measures 
25  degrees,  30  minutes,  40  seconds,  and  9-lOths  of  a  seoond. 

The  letters  m  and  <  have  sometimes  been  used  to  express  minutes 
and  seconds ;  but  since  it  is  frequently  necessary  to  express  time  as 
well  as  SPACE,  it  will  be  more  convenient  to  reserve  these  letters  for 
that  purpose.  Thus,  25*  30""  40'-9  expresses  an  interval  of  time 
consisting  of  25  hours,  30  minutes,  40  seconds,  and  9-lOths  of  a 
second. 

2292.  Relative  magnitudes  of  arcs  of  1®,  1',  and  1",  and  the 
radius. — It  is  proved  in  geometry  that  the  length  of  the  entire  cir- 
cumference of  a  circle  whose  radius  is  expressed  by  1*000  exceeds 
6-283  by  less  than  the  5000th  part  of  the  radius.  As  the  exact 
length  of  the  circumference  does  not  admit  of  any  numerical  ex- 
pression, it  will  therefore  be  sufficient  for  all  practical  purposes  to 
take  6-283  to  express  it. 

If  df  m,  and  s,  express  respectively  the  actual  lengths  or  linear 
values  of  a  degree,  a  minute,  and  a  second  of  a  circle  the  length  of 
whoso  radius  is  expressed  by  r,  we  shall  therefore  have  the  following 
numerical  relations  between  these  several  lengths  :^^ 
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60x«=m,         60xto=<?,        3600xa  =  cf, 
360  d  =  6-283  r,        360  X  60  x  w*  =  21600  x»»  =  6283  X  r, 
21600  x60  X  «  =  1296000  x«  =  6-283  r ; 
and  from  these  may  be  deduced  the  following : 

r  =  57-3  X  cf  =  3437-8  x  w  =  206265  X  9. 

Bj  these  formnko  respectivelj  the  length  of  the  radios  may  be 
computed  when  the  linear  yalne  of  an  arc  of  1^,  1',  or  1"  ib  known. 

In  like  manneri  if  the  length  of  the  radius  r  be  given,  the  linear 
Talae  <^  an  arc  of  1^^  1';  or  1"  may  be  computed  by  the  formula 

__1_  _      1 

^  ""  3437-8  ^  *■'         '  -  206265  ^  ''' 

2293.  The  Kn&ir  and  angular  magnitude  of  an  arc, — By  the 
linear  magnitude  of  an  arc  is  to  be  understood  its  actual  length  if 
extended  in  a  straight  line,  or  the  number  expressing  its  length  in 
imitB  of  some  known  modulus  of  length,  such  as  an  inchy  a  footj  or 
a  mtZ?.  By  its  angular  magnitude  is  to  be  understood  the  angle 
formed  by  two  lines  or  radii  drawn  to  its  extremities  from  the  centre 
of  the  eirele  of  which  it  forms  a  part,  or  the  number  expressing  the 
magnitude  of  this  angle  in  angular  units  of  known  value,  as  degrees, 
minutes,  and  seconds. 

2294.  Of  the  three  foThmng  quantities, — the  linear  value  of  an 
arcj  its  angular  vdiuej  and  the  length  of  the  radius, — any  two  being 
given,  the  third  may  be  computed, —  Let  a  express  the  angular  and  a 
the  linear  value  of  the  arc,  and  r  the  radius. 

1^.  Let  a  and  a  be  given  to  compute  r.  By  dividing  a  by  a  we 
shall  find  the  linear  value  of  1^,  1',  or  1'',  according  as  a  is  expressed 
*n  degrees,  minutes  or  seconds,  and  r  may  then  be  computed  by 
'2292).  Thus,  according  to  the  angular  units  in  which  a  is  ex- 
irosed,  we  shall  have 

r  =  -^  X  67-3  =  4  >^  3437-8  =  4  X  206265. 
a°  a  a' 

2?.  Let  a  and  r  be  given  to  compute  a.  By  (2292)  the  linear 
values  of  1^,  1',  or  1"  may  be  computed,  since  r  is  given,  and  by 
dividing  a  by  one  or  other  of  these  values  a  will  be  found  :  thus  we 
shall  have 


3^.  Let  A  and  r  be  given  to  compute  a.  By  (2292),  as  before, 
the  linear  values  of  1^,*  1'  or  1"  may  be  found,  and  by  multiplying 
one  or  other  of  these  by  a  the  value  of  a  will  be  obtained.  Thus 
we  ehall  have 
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a  = 


57-3 


^ 1  ,__     1 

^"■^^  -355^8^  ""^^ -206265 


XrX  tT 


2295.   Tlie  arc,  the  chord,  and  the  sine  may  he  coruidered  oi 

equal  when  tlie  angle  is  small,  —  If  A  C  B,  Jig.  684,  be  the  angle, 

AB  the  arc,  and  ao  =  cb  the  radius,  a  line  ad  drawn  from  one 

extremity  of  the  arc  perpendicular  to  the  radius  o  b,  which  passes 

through  the  other  extremity  of  the  arc,  is  called 

its  sine;  and  the  straight  line  AB  joining  the 

extremities  of  the  arc  is  called  its  chard. 

It  will  be  evident  by  merely  drawing  the 
diagram  with  a  gradually  decreasing  angle, 
that  the  three  lengths,  the  sine  A  D,  the  chord 
A  B,  and  the  arc  A  b,  will  approach  to  equality 
as  the  arc  diminishes.  Even  where  the  arc  is 
60  large  as  80^,  it  does  not  exceed  the  length 
of  the  chord  by  more  than  three-tenths  of  a 
degree ;  and  therefore,  for  all  angles  less  than 
this,  the  chord  and  arc  may  be  considered  as 
equal  where  the  most  extreme  precision  is  not 
required. 

In  like  manner,  if  the  angle  A  o  B  be  15®, 
the  sine  A  D  will  be  less  than  the  are  by  only 
two-tenths  of  a  degree,  that  is,  by  the  75th 
part  of  the  entire  length  of  the  arc.  In  all  cases, 
therefore,  where  greater  precision  than  this  is 
not  required,  the  sine  A  D,  the  chord,  and  the 
arc  may  be  considered  for  such  angles  as  interchangeable. 

When  the  angles  are  so  small  as  a  degree  or  two,  these  qnantities 
may  for  all  practical  purposes  be  considered  to  be  equal. 

2296.  To  ascertain  the  distance  of.  an 
inaccessible  object  from  two  accessible  sta^ 
tions,  —  This,  which  is  a  problem  of  the 
highest  importance,  being  in  fiict  the  basis 
of  all  the  knowledge  we  possess  of  the  dis- 
tances, dimensions,  and  motions  of  the 
great  bodies  of  the  universe,  admits  of  easy 
?  /  solution. 

/]  /  Let  s  and  s',  fg.  685,  be  the  two  stations, 

/    /        /  and  0  the  object  of  observation;  and  let 

—         '  the  visual  angles  subtended  by  o  and  b'  at 

8,  and  by  o  and  s  at  s',  be  observed,  and 
the  distance  s  s'  measured. 

Take  a  line  sd,  consisting  of  as  many 
inches  as  there  are  miles  in  s  s',  and  draw 
two  lines  so  and  fi o  from  s  and  ^,  making  with  sd  the  same 


Fig.  684. 


Fig.  685. 
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angles  as  8  o  and  e^  o  are  ascertained  by  observation  to  make  with 
8  ^.  In  that  case  the  triangle  $oif  will  be  in  all  respects  similar  to 
the  triangle  8  o  8^,  only  drawn  on  a  smaller  scale,  an  inch  in  any  of 
its  sides  eotresponding  to  a  mile  in  one  of  the  sides  of  the  great 
triangle  8  0  s'.  If  the  sides  «  o  and  s'  o  be  therefore  measured,  they 
Till  eonaist  of  as  many  inches  as  there  are  miles  in  the  correspond- 
ing sides  8  o  and  s^  o  of  the  great  triangle.  Now,  sinco  the  small 
triangle  is  always  accessible  to  direct  measurement,  and  as  the 
relat»ii  of  its  scale  to  that  of  the  great  triangle  is  known,  the 
magnitode  of  the  sides  of  the  great  trianele  may  be  ascertained. 

Without  being  identical  in  its  actual  details  with  the  process  by 
vhich  this  problem  is  solved,  the  preceding  reasoning  is  the  same  in 
principle  and  spirit  Trigonometrical  tables  supply  much  more 
aecorate  means  of  determining  the  proportion  of  the  sides  of  tho 
triangle,  but  such  tables  are  nothing  more  than  the  arithmetical 
representation  of  such  diagrams  as^^.  685. 

2297.  Case  in  which  the  distance  of  the  object  is  great  rdadveJy 
to  the  distance  between  the  stations.  —  K  in  this  case  the  stations  be 
BO  selected  with  reference  to  the  object  that  the 
directions  of  the  object  as  seen  from  them  shall  form 
angles  with  the  line  joining  the  stations  which  shall 
be  equal  or  nearly  so,  this  latter  line  may  be  consi- 
dered as  the  chord  of  the  arc  described,  with  the 
object  as  a  centre  and  the  distance  as  a  radius ;  and 
if  the  direction  of  the  object  from  either  station  be 
at  right  angles  to  the  line  joining  the  stations,  this 
latter  line  may  be  considered  as  the  sine  of  the  are. 
In  either  case,  the  distance  of  the  object  bearing  a 
high  ratio  to  the  distance  between  the  stations,  the 
angle  formed  by  the  two  directions  of  the  object,  as 
seen  from  the  stations,  will  be  so  small  that  the 
chord  or  sine  may  be  considered  as  equal  to  the  arc, 
and  the  solution  of  the  problem  will  be  simplified  by 
the  principles  established  in  (2295). 

Let  8  and  ^,fig.  686,  be  the  stations,  and  o  tho 
object;  under  the  conditions  supposed,  the  angle  o 
will  necessarily  be  small.      Its   magnitude  may  be 
ascertained  by  measuring  the  visual  angles  o  s  s' 
and  o  s'  s ;  which  may  be  done,  since  both  stations  s 
and   8^   are  accessible,  and  each  of  them  is  visible 
Fi«.  686.      from  the   other.      By  a  well-known  principle  esta- 
blished in  elementary  geometry,  the  three  angles  of 
every  triangle  added  together  make  180°.     If,  therefore,  the  sum 
of  the  two  observed  angles  at  s  and  b'  be  subtracted  from  180°,  the 
Rmainder  will  be  tho  angle  o.     Now  if  this  angle  be  expressed  by 
•  in  seconds,  we  shall  have  (2294) 
m.  9 
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2298.  Gioen  the  apparent  distance  between  two  distant  ohjectSy 
such  distance  being  at  right  angles,  or  nearly  so,  to  their  visual 
directions,  and  their  distance  from  the  observers^  to  find  the  actual 
distance  between  them,  —  This  problem  is  only  a  particular  applica- 
tion of  the  general  principle  explained  in  (2294),  a  being  the 
apparent  distance  of  the  objects,  a  the  real  distance  between  them, 
and  r  their  distance  from  the  observer. 

This  method  may  be  applied  without  practical  error,  if  the 
apparent  distance  between  the  objects  be  not  greater  than  two  or 
three  degrees,  and  it  may  be  used  as  a  rough  approximation  in  cases 
where  the  apparent  distance  is  even  so  great  as  30^.  When  the 
apparent  distance  amounts  to  so  much  as  60°,  the  actual  distance 
computed  in  this  way  will  not  exceed  the  true  distance  by  more  than 
a  24th  part  of  its  whole  amount ;  for  the  chord  of  60°  is  equal  to 
the  radius,  and  therefore  to  an  arc  of  57°'3,  being  less  than  the  arc 
by  only  2°  7,  or  about  a  24th  part  of  its  length. 

2299.  Given  the  apparent  diameter  of  a.  spherical  object  and  its 
distance  from  the  observer,  to  find  its  real  diameter.  — This  is  also 
a  particular  application  of  the  general  problem  (2294),  a  being  the 
apparent  diameter  and  r  the  distance,  and  in  all  cases  which  oocur 
in  astronomy  the  apparent  diameters  are  so  small  that  the  results 
of  the  computation  may  be  considered  as  perfectly  exact 

2800.  Methods  of  ascertaining  (he  direction  of  a  visible  and 
distant  object,  —  It  might  appear  an  easy  matter  to  observe  the 
exact  direction  of  any  point  placed  within  the  range  of  vision,  since 
that  direction  must  be  that  of  a  straight. line  passing  directly  from 
the  eye  of  tho  observer  to  the  point  to  be  observed.  If  the  eye  were 
supplied  with  the  appendages  necessary  to  record  and  measure  the 
directions  of  visible  objects,  this  would  be  true,  and  the  organ  of 
sight  would  be  in  fact  a  philosophical  instrument.  The  eye  is,  how- 
ever, adapted  to  other  and  different  uses,  and  constructed  to  play  a 
different  part  in  the  animal  economy ;  and  invention  has  been  stim- 
ulated to  supply  expedients,  by  means  of  which  the  exact  directions 
of  visible  distant  points  can  be  ascertained,  observed,  and  compared 
one  with  another,  so  as  to  supply  the  various  data  necessary  in  tho 
classes  of  problems  which  have  just  been  noticed,  and  others  which 
we  shall  have  occasion  hereafter  to  advert  to. 

2301.  Use  of  sights*  —  The  most  simple  expedient  by  which  the 
visual  direction  of  a  distant  point  can  be  determined  is  by  sights, 
which  are  small  holes  or  narrow  slits  made  in  two  thin  opaque  plates 
placed  at  right  angles,  or  nearly  so,  to  the  line  of  vision,  and  so 
arranged,  that  when  the  eye  is  placed  behind  the  posterior  opening 
the  object  of  observation  shall  be  visible  through  the  anterior 
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opening.  Every  one  is  rendered  familiar  with  this  expedient^  by  its 
application  to  fire-arms  as  a  method  of  '<  taking  aim." 

This  contrivance  is,  however,  too  rude  and  susceptible  of  error 
within  too  wide  limits,  to  be  available  for  astronomical  purposes. 

2302.  Application  of  the  telescope  to  indicate  the  visual  direction 
of  micnmetric  icires.  —  The  telescope  (1212)  supplies  means  of 
determining  the  direction  of  the  visual  ray  with  all  the  necessary 
precision. 

Vtif^fig,  687,  represent  the  tube  of  a  telescope,  T  the  ez- 


u- 


¥ 


Fig.  687. 

tremitj  in  which  the  object-glass  is  fixed,  and  t'  the  end  where  the 
imiges  of  distant  objects  to  which  the  tube  is  directed  are  formed, 
the  visual  direction  of  any  object  will  be  that  of  the  line  J  c  drawn 
from  the  image  of  such  object,  formed  in  the  field  of  view  of  the 
telescope,  to  the  centre  c  of  the  object-glass ;  for  if  this  line  be  con- 
tinned  it  will  pass  through  the  object  s. 

Bat  dnce  the  field  of  view  of  the  telescope  is  a  drcnlar  space 
of  definite  extent,  within  which  many  objects  in  difierent  directions 
may  at  the  same  time  be  visible,  some  expedient  is  necessary, 
bj  which  one  or  more  fixed  points  in  it  may  be  permanently  marked, 
«  by  which  the  entire  field  may  be  spaced  out  as  a  map  is  by  >the 
lines  of  latitude  and  longitude. 

This  is  accomplished  by  a  system  of  fibres,  or  wires  (38)  so  thin 
tbt  even  when  magnified  they  will  appear  like  hairs.  These  are 
extended  in  a  frame  fixed  within  the  eye-piece  of  the  telescope,  so 
that  they  appear  when  seen  through  the  eye-glass  like  fine  lines 
drawn  across  the  field  of  view.  They  are  di£Ferentlj  arranged,  accord- 
ing to  the  sort  of  observation  to  which  the  instrument  is  to  be  applied. 

2303.  Line  of  coUimafion.  —  In  some  cases  two  wires  intersect 
at  right  angles  at  the  centre  of  the  field  of  view,  dividing  it  into 
qoadrants,  as  represented  in  fig,  683.  The  wires  are  so  adjusted 
that  their  point  of  intersection  o  coincides  with  the  axis  of  the 
telescope  tube;  and  when  the  instrument  is  so  adjusted  that  the 
point  of  observation,  a  star  for  example,  is  seen  precisely  upon  the 
intersection  c  of  the  wires,  the  line  of  direction,  or  visual  ray  of 
*bat  star,  will  be  the  line  i  c,  fig.  687,  joining  the  intersection  o, 
fy'  683,  of  the  wires  with  the  centre  c,  fig.  687,  of  the  object-glass. 

The  line  ^  r,  fig.  687,  is  technically  called  the  line  of  collimation. 

2304.  Application  of  the  telescope  to  a  graduated  instrument.  — 
The  telescope  thus  prepared  is  attached  to  a  graduated  instrament 
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by  which  angular  magDitades  can  be  observed  and  measared.  Sooh 
iDstruments  varjr  infinitely  in  form,  magnitade,  and  mode  of  mount- 
ing and  adjustment,  according  to  the  purposes  to  which  they  are 
applied,  and  to  the  degree  of  precision  necessary  in  the  observations 
to  be  made  with  them.  To  explain  and  illustrate  the  general  prin- 
ciples on  which  they  are  constructed,  we  shall  take  the  example  of 
one,  which  consists  of  a  complete  circle  graduated  in  the  usual 
manner,  beine  the  most  common  form  of  instrument  used  in  as- 
tronomy for  uie  measurement  of  angular  distances. 

Such  an  apparatus  is  represented  m  Jig.  688.    The  circle  a  B  c  D, 


Pig.  688. 

on  which  the  divisions  of  the  graduation  are  accurately  engraved, 
is  connected  with  its  centre  by  a  series  of  spokes  z  y  z.  At  its 
centre  is  a  circular  hole,  in  which  an  axle  is  inserted  so  as  to  turn 
smoothly  in  it,  and  while  it  turns  to  be  always  concentric  with  the 
circle  A  b  c  d.  To  this  axle  the  telescope  a  &  is  attached  in  such  a 
manner  that  the  imaginary  line  ^  c.  Jig.  687,  which  joins  the  in- 
tersection of  the  wires,  J^.  683,  with  the  centre  of  the  object- 
glass,  shall  be  parallel  to  the  plane  of  the  circle,  and  in  a  plane 
passing  through  its  centre  and  at  right  angles  to  it. 

At  right  angles  to  the  axis  of  the  telescope  are  two  arms,  m  n, 
which  form  one  piece  with  the  tube,  so  that  when  the  tube  is  turned 
with  the  axis  to  which  it  is  attached,  the  arms  m  n  shall  turn  also, 
always  preserving  their  direction  at  right  angles  to  the  tube.  Marks 
or  indices  are  engraved  upon  the  extremities  m  and  n  of  the  arms 
which  point  to  the  divisions  upon  the  limb  (as  the  divided  arc  is 
called). 

A  clamp  is  provided  on  the  instrument,  by  which  the  telescope, 
being  brought  to  any  desired  position,  can  be  fixed  immoveably  in 
that  position,  while  the  observer  examines  the  points  upon  the  Umb 
to  which  the  indices  m  and  n  are  directed. 

Now  let  us  suppose  that  the  visual  angle  under  the  directions  of 
two  distant  objects  within  the  range  of  vision  is  required  to  be 
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measared.  The  circle  being  brought  into  the  plane  of  the  objects, 
and  fixed  in  it,  the  telescope  is  moved  upon  its  axis  until  it  is  di- 
rected to  one  of  the  objects,  so  that  its  image  shall  coincide  exactly 
with  the  intersection  of  the  wires.  The  telescope  is  then  clamped, 
and  the  observer  examines  the  points  of  the  divided  limb,  to  which 
one  of  the  indices,  m  for  example,  is  directed.  This  process  is  called 
^  reading  off."  The  clamp  being  disengaged,  the  telescope  is  then 
in  like  manner  directed  to  the  other  object,  and  being  clamped  as 
before,  the  position  of  the  index  is  "  read  off."  The  difference  be- 
tween the  nnmbers  which  indicate  the  position  of  the  same  index 
in  both  cases,  will  evidently  be  the  visual  angle  under  the  direc- 
tions of  the  two  objects. 

As  a  means  of  further  accuracy,  both  the  indices  m  and  n  may 
be  '^read  off,"  and  if  the  results  differ,  which  they  always  will 
lightly,  owing  to  various  causes  of  error^  a  mean  of  the  two  may 
betaken. 

It  is  evident  that  the  same  results  wonld  be  obtained  if,  instead 
of  making  the  telescope  move  upon  the  circle,  it  were  immoveably 
attached  to  it,  and  that  the  circle  itself  turned  upon  its  centre,  as  a 
iHieel  does  upon  its  axle,  carrying  the  telescope  with  it  In  this 
case  the  divided  limb  of  the  circle  is  made  to  move  before  a  fixed 
index,  and  the  angle  under  the  directions  of  the  objects  will  be 
measored  by  the  length  of  the  arc  which  passes  before  the  index. 

Soch  a  combination  is  represented  in  section  in  Jig.  689  where 


Fig.  «89. 

T  is  the  telescope,  p  the  pieces  by  which  it  is  attached  to  the  circle 
A  B  seen  edgewise,  the  axis  of  which  D  works  in  a  solid  block  of 
metaL  The  fixed  index  F  is  directed  to  the  graduated  limb  which 
moves  before  it 

This  is  the  most  freqnent  method  of  mounting  instruments  used 
in  astronomy  for  angular  measurement. 

2305.  IkcpedienU  for  metuuring  the  fraction  of  a  dtvuian.  — 
It  will  happen  in  general  that  the  index  will  be  directed,  not  to  any 
exact  division,  but  to  some  point  intermediate  between  two  divi- 
I  of  the  limb.     In  that  case  expedients  are  provided  by  which 

9* 
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the  fraction  of  a  degree  between  the  index,  and  the  kst  dividaB 
which  it  has  passed,  may  be  ascertained  with  an  extraordinaiy  de- 
gree of  precision. 

2306.  By  a  Vernier,  —  This  may  be  aocomplished  by  means  of 
a  supplemental  B(»le  called  a  YjiBNiSBy  already  described  (1354). 
2307.  By  a  compound  microtcopef  and  m^ 
erometric  screw.  — -  The  same  object  may,  how* 
eyer,  be  attained  with  fiur  greats  aocoiaoy  by 
means  of  a  compound  microscope  mounted 
as  represented  in  fg.  690,  so  thai  the  ob- 
server looks  at  the  index  through  it     A 
system  of  cross  wires  is  pUwed  in  tiie  field 
c^  view  of  the  microscope,  and  the  whole 
may  be  so  adjusted  by  the  action  of  a  fine 
screw,  that  the  index  shall  coincide  pieeiaely 
with    the  intersection  of   the  wires.     The 
Fig.  690.  screw  is  then  tamed  until  the  intersection 

of  the  cross  is  brought  to  coincide  with  the 
previous  division  of  the  limb ;  and  the  number  of  tuns  and  firae- 
tion  of  a  turn  of  the  screw  will  give  the  fraction  of  a  degree  be- 
tween the  index  and  the  previous  division  of  the  limb. 

It  is  necessary,  however,  to  ascertain  previously  the  value  of  a 
complete  revolution  of  the  screw.  This  is  easily  done  by  turning 
the  screw  on  which  the  intersection  of  the  cross  is  moved  from  one 
division  to  the  adjacent  one.  Dividing,  then,  one  degree  of  the 
limb  by  the  number  of  turns  and  fraction  of  a  turn,  the  arc  which 
corresponds  to  one  complete  turn  will  be  found. 

2308.  Observation  and  measurement  of  minute  angles.  —  When 
the  points  between  which  the  angular  distance  required  to  be  ascer- 
tained are  so  close  together  as  to  be  seen  at  one  and  the  same  time 
within  the  field  of  view  of  the  telescope,  a  method  of  measurement 
is  applicable,  which  admits  of  even  greater  relative  accuracy  than 
do  the  methods  of  observing  large  angular  distances.  This  arises 
from  the  fact  that  the  distance  between  such  points  may  be  deter- 
mined by  various  forms  of  micrometric  instruments,  in  which  fine 
wires,  or  lines  of  spider's  web,  are  moved  in  a  direction  perpendic- 
ular to  their  length,  so  as  to  pass  successively  through  die  points 
whose  distance  is  to  be  observed. 

2309.  The  parallel  wire  micrometer.  —  One  of  the  forms  of  mi- 
crometric apparatus  used  for  this  purpose  is  represented  in  trana- 
veise  section  in  Jig.  691.  This,  which  is  called  the  parallei. 
WIRE  MICROMETER,  cousists  of  two  sliding  frames  across  which  the 
parallel  wires  or  threads  o  and  d  are  stretched.  These  frames  are 
Doth  moved  in  a  direction  perpendicular  to  that  of  the  wires  by 
screws,  constructed  with  very  fine  threads,  and  called  from  their  use 
MICROMETER  SCREWS.    This  finuue  is  phioed  in  the  fi)0U8  of  the 
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elijeetf^  of  llie  telesoopey  so  that  ilie  eye  ^ewiog  the  objecfs 
nnder  nbBtmAm,  seeB  ako  distinofcly  the  panliel  and  moveable 


vbea  These  wires  are  moTed  by  the  sorews  nntil  they  pass  through 
tbe  points  whose  distaoce  asander  is  to  be  measured.  This  being 
•eeompHshedy  one  of  them  is  moved  imtil  it  eoiDmdes  with  the 
other,  and  the  number  of  turns  and  parts  of  a  turn  of  the  screw 
MooBuy  to  produce  this  motion  i^ves  the  angular  distaace  between 
the  pobts  nnder  observation. 

In  this,  as  in  the  case  exphuned  in  (2307),  it  is  necessary  that 
the  angle  corresponding  to  one  complete  revolution  of  the  screw  be 
previoasly  ascertained,  and  this  is  done  by  a  process  precisely  simi- 
kr  to  that  explained  in  the  former  case.  An  object  of  known 
iDgoItr  magnitude^  as,  for  example,  a  footrule  at  the  distance  of  a 
hoodred  yuds,  is  observed,  and  the  number  of  turns  necessaiy 
to  cany  the  wire  from  end  to  end  of  its  image  is  ascertained. 
The  angle  such  a  rule  subtends  at  that  distance  being  divided  by 
the  number  of  turns  and  parts  of  a  turn,  the  quotient  is  the  angle 
Mnespondiog  to  one  complete  revolution  of  the  screw. 

2310.  Measurement  of  the  apparent  diameter  of  an  ohfect.  — - 
When  an  object  is  not  too  great  to  be  included  in  the  field  of  view 
of  the  telescope,  its  apparent  diameter  (1117)  can  be  measured  by 
sach  an  apparatus.  To  accomplish  this  the  screws  are  turned  untu 
the  wires  o  and  Bfjig,  691,  are  made  to  touch  opposite  sides  of  the 
^  of  the  object  One  of  the  screws  is  then  turned  until  the 
vires  coincide,  and  the  number  of  turns  and  parts  of  a  turn  gives 
^  apparent  magnitude. 


CHAP.  II. 

THI  QtSrOJOs  ROTITNDITT  AND  DIMENSIONS  09  THS  EABTH 

231L  The  earth  a  station  from  which  the  universe  is  observed. 
"7 The  earth  is,  in  various  points  of  view,  an  interesting  object  of 
"■c&tifie  investigation.    The  natioalist  regards  it  as  the  habitation 
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of  the  namerous  tribes  of  organized  beings  which  are  the  special 
subject  of  his  observation  and  inquiry,  and  examines  cariouBly 
those  properties  and  qaalities  of  soil,  climate^  and  atmosphere,  by 
which  it  is  fitted  for  their  maintenance  and  propagation,  and  the 
conditions  which  govern  their  distribution  over  its  surface.  The 
geologist  and  mineralogist  regard  it  as  the  theatre  of  vast  physical 
operations  continued  through  periods  of  time  extending  infinitely 
beyond  the  records  of  human  history,  the  results  of  which  are  seen 
in  the  state  of  its  crust  The  astronomer,  rising  above  these  de- 
tails, regards  it  as  a  whole,  examines  its  form,  investigates  ita  mo- 
tions, measures  its  magnitude,  and,  above  all,  considers  it  as  th  ? 
station  from  which  alone  he  can  take  a  survey  of  that  universe 
which  forms  the  peculiar  object  of  his  study,  and  as  the  only  mo- 
dulus or  standard  by  which  the  magnitudes  of  all  the  other  bodies 
in  the  universe,  and  the  distances  which  separate  them  from  the 
earth  and  from  each  other,  can  be  measured. 

2812.  Necessary  to  ascertain  its  f army  dimensions,  and  motions. 
—  But  since  the  apparent  magnitudes,  motions,  and  relative  ar- 
rangement of  surrounding  objects  severally  vary,  not  only  with 
every  change  in  the  position  of  the  station  of  the  observer,  but 
even  with  every  change  of  position  of  the  observer  on  that  station, 
it  is  most  necessary  to  ascertain  with  all  attainable  accuracy  the  di- 
mensions of  the  earth,  which  is  the  station  of  the  astronomical 
observer,  its  form,  and  the  changes  of  position  in  relation  to  sur- 
rounding objects  to  which  it  is  subject. 

2313.  Form  globular,  —  The  first  impression  produced  by  the 
aspect  presented  by  the  surface  of  the  earth  is  that  of  a  vast  indefi- 
nite plane  surface,  broken  only  by  the  accidents  of  the  ground  on 
land,  such  as  hills  and  mountains,  and  by  the  more  mutable  forms 
due  to  the  agitation  of  the  fluid  mass  on  the  sea.  Even  this  de- 
parture from  the  appearance  of  an  extensive  plane  surface  ceases  on 
the  sea  out  of  sight  of  land  in  a  perfect  calm,  and  on  certain  planes 
of  vast  extent  on  land,  such  as  some  of  the  prairies  of  the  American 
continents. 

This  first  impression  is  soon  shown  to  be  fallacious ;  and  it  is 
easily  demonstrated  that  the  immediate  indications  of  the  unaided 
sense  of  vision,  such  as  they  are,  are  loosely  and  incorrectly  inter- 
preted, and  that,  in  fact,  even  that  small  part  of  the  earth's  surface 
which  falls  at  once  within  the  range  of  the  eye  in  a  fixed  position 
does  not  appear  to  be  a  plane. 

Supposing  that  any  extensive  part  of  the  surface  of  the  earth 
were  really  a  plane,  let  several  stakes  or  posts,  of  equal  height,  be 
erected  along  the  same  straight  line,  and  at  equal  distances,  say  a 
mile  apart.  Let  these  stakes  be  represented  by  s  «,  s' «',  s"  <",  &c., 
^.  692,  and  let  a  stake  of  equal  height  o  o  be  erected  at  the  sta- 
tion of  the  observer.     Now,  if  the  surface  were  a  plane,  it  is  evi- 
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doit  ihfti  Ae  poiiits  <,  ^,  d\  &o.  most  appear  to  an  eye  placed  at  o 
in  the  same  vilsaal  line,  and  would  each  be  visible  through  a  tube 


<  1 

^». 

II 

.  r 

i" 

Kg.  692« 

diiecied  at  o  puallel  to  the  sorfaoe  o  s.  But  each  will  not  be  fonnd 
to  be  the  case.  When  the  tube  is  directed  to  <,  all  the  snooeedinff 
points  /,  d'y  &c.  will  be  hdwo  its  direction.  If  it  be  directed  to  /, 
the  pmni  s  will  be  (jAxive^  and  d'  and  all  the  succeeding  points  will 
be  hdtjw  its  direction.  In  like  manner,  if  it  be  direct^  to  d\  the 
preeeding  points  8  and  tl  will  be  ahovej  and  the  succeeding  points 
hdow  its  direction.  In  effect  it  will  appear  as  though  each  succeed- 
ing  stake  were  a  little  shorter  than  the  preceding  one.  But  as  the 
st^Ees  are  all  precisely  equal,  it  must  be  inferred  that  the  snccessiYe 
points  of  the  surfiMse  s,  s',  s",  s"',  &o.  are  relatively  lower  than  the 
station  o.  Nor  will  the  effects  be  explained  by  the  supposition  that 
the  snrfiioe  ose^  6>'j  Ag.,  is  a  descendinff  but  still  a  plane  surfJEboe, 
because  in  that  case  the  points  s,  dj  fl\  &c.  must  still  oe  in  the  same 
visual  line  directed  from  o.  It  therefore  follows  that  the  surface  in 
the  direction  o^  ef'  s"',  &c.  is  not  plane  but  curvedf  as  represented 
mjig,  693,  where  the  visual  lines  are  in  obvious  accordance  with 
the  actual  appearances  as  above  explained. 


Fig.  698. 

Now  since  these  effects  are  fonnd  to  prevail  in  every  directioi 
around  the  point  of  observation  o,  it  follows  that  the  curvature  of 
the  Borfioe  prevails  all  around  that  point;  and  since  the  extent  of 
the  depresnon  of  tiie  points  8,  s',  s' ,  &c.  at  equal  distances  from  o, 
are  equal  in  every  direction  around  o,  it  follows  that  the  curvature 
is  in  every  direction  sensibly  uniform  around  that  point. 

But  by  shifting  the  centre  of  observation  o,  and  making  similar 


106  ASTRONOMY. 

observations  elsewhere,  and  on  every  part  of  the  earth  where  sneh 
a  process  is  practicable,  not  only  are  like  effects  observed,  but  the 
degree  of  depression  corresponding  to  equal  distances  from  the  cen- 
tres of  observation  is  the  same. 

Hence  we  infer  that  the  surface  of  the  earth,  as  observed  directly 
hy  the  eye,  is  not  a  plane  surface,  but  one  everywhere  curved,  and 
that  the  curvature  is  everywhere  uniform,  at  least  that  no  departure 
from  perfect  uniformity  in  its  general  curvature  exists  sufficiently 
considerable  to  be  discovered  by  this  method. 

But  the  only  form  of  a  solid  body  which  has  a  surface  of  uniform 
curvature  is  a  sphere  or  globe,  and  it  is  therefore  established  that 
such  is  the  form  of  the  earth. 

2314.  This  conclusion  corroborated  by  circumnavigatum,  —  If  a 
▼essel  sail,  as  far  as  it  is  practicable  to  do  so,  constantly  in  the  same 
direction,  it  will  at  length  return  to  the  port  of  its  departure,  hav- 
ing circumnavigated  the  earth ;  and  during  its  course  it  appears  to 
pass  over  an  uniform  surface.  This  is  ooviously  what  must  take 
place  so  far  as  regards  that  part  of  the  earth  which  is  covered  with 
water,  supposing  it  to  be  a  globe. 

2315.  Corroborated  by  lunar  eclipses.  —  But  the  most  striking 
and  conclusive  corroboration  of  the  inference  just  made,  and  indeed 
a  phenomenon  which  alone  would  demonstrate  the  form  of  the 
earth,  is  that  which  is  exhibited  in  lunar  eclipses.  These  appear- 
ances, which  are  so  frequently  witnessed,  are  caused  by  the  earth 
coming  between  the  sun  and  the  moon,  so  as  to  cast  its  shadow  upon 
the  latter.  Now  the  form  of  that  shadow  is  always  precisely  that 
which  one  globe  would  project  upon  another.  The  phenomenon 
thus  at  once  establishes  not  only  the  globular  form  of  the  earth, 
but  that  of  the  moon  also. 

2316.  Various  effects  indicating  the  earOCs  rotundity, — The 
rotundity  of  the  earth  being  once  admitted,  a  multitude  of  its  con- 
sequences and  effects  present  themselves,  which  supply  oorroboratiye 
evidence  of  that  important  proposition. 

When  a  ship  sails  from  the  observer,  the  first  part  which  should 
cease  to  be  visible,  if  the  earth  was  a  plane,  would  be  the  rod  of 
the  top-mast,  having  the  smallest  dimensions,  and  the  last  the  hull 
and  sails,  being  the  greatest  in  magnitude ;  —  but,  in  fact,  the  very 
reverse  takes  place.  The  hull  first  disappears,  then  the  sails,  and 
in  fine  the  top-mast  alone  is  visible  by  a  telescope,  appearing  like  a 
pole  planted  in  the  water.  This  becomes  gradually  shorter,  ap- 
pearing to  sink  in  the  water  as  the  vessel  recedes  fro;n  the  eye. 

These  appearances  are  the  obvious  consequences  of  the  gradual 
interposition  of  the  convexity  of  the  part  of  the  earth's  surface  over 
which  the  vessel  has  passed,  and  will  be  readily  comprehended  by 
the  Jig,  694. 
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If  the  observer  take  a  more  elevated  position,  the  same  sucoession 
of  phenomena  will  be  presented,  only  greater  distances  will  bo 


Fig.  604. 

neoessaiy  to  produce  the  same  degree  of  apparent  sinking  of  the 
TesseL 

Land  is  visible  from  the  top-mast  in  approaching  the  shore,  when 
it  cannot  be  seen  from  the  deck. 

The  top  of  the  peak  of  Teneriffe  can  be  seen  from  a  distance  when 
the  base  of  the  mountain  is  invisible. 

The  sun  shines  on  the  summits  of  the  Alps  long  after  sunset  in 
the  valleys. 

An  aeronant  ascending  after  sunset  has  witnessed  the  sun  to  re- 
appear with  all  the  eflfects  of  sunrise.  On  descending,  he  witnessed 
a  second  sanset 

2317.  IXmensions  of  the  earth,  —  Method  of  measuring  a  de- 
gree, —  Having  thus  ascertained  that  the  form  of  the  earth  is  a 
globe,  it  now  remains  to  discover  its  magnitude,  or  what  is  the  same, 
its  diameter. 

For  this  purpose  it  will  be  necessary  first  to  ascertain  the  actual 
length  of  a  degree  upon  its  surface,  that  is,  the  distance  between 
two  points  on  the  surface,  so  placed  that  the  lines  drawn  from  them 
to  the  centre  shall  make  with  each  other  an  angle  of  one  degree. 

Let  p  and  p',  fig.  695,  represent  two  places  upon  the  earth's 
sorfiioe,  distant  fit>m  each  other  from  60  to  100  miles,  and  let  o  be  the 
centre  of  the  earth.  Now,  let  us  suppose  that  two  observers  at  the 
I^aoes  p  and  //  observe  two  stars  s  and  t^y  which  at  the  same  time 
are  vertically  over  the  two  places,  and  to  which,  therefore,  plumb- 
lines  suspended  at  the  two  places  would  be  directed.  The  direction 
of  these  plumb-lines,  if  continued  downwards,  would  intersect  at  c, 
the  centre  of  the  earth. 

The  visual  angle  under  the  directions  of  these  stars  s  and  ^  At  p^ 
UMp'^j  and  at  G  is  <0i/.  But,  owing  to  the  insignificant  proportion 
which  the  distances  j?//  and  pc  bear  to  the  distances  of  the  stars 
(is  will  be  made  evident  hereafter),  the  visual  angle  of  the  stars, 
whether  seen  from  p  or  c,  will  be  the  same.     If,  then,  this  visual 
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angle  at  ^  be  measured,  as  it  may  be  with  the 
greatest  precliion,  we  may  consider  it  as  the  magni- 
tude of  the  angle  p  c//. 

Let  the  actual  distance  D,  between  the  plaoesy  p 
and  j/,  be  measured  or  ascertained  by  the  process  of 
surveying,  and  the  number  of  seconds  in  the  observed 
angle  «p' «'  be  expressed  by  a.  If  d  express  the  dis- 
tance of  two  points  on  the  earth  which  would  subtend 
at  the  centre  o  an  angle  of  1°,  we  shall  then  have — 

a:3600::D:c^  =  D  x  ^^ 

a 

since  the  number  of  seconds  in  a  degree  is  3600 
(2292). 

2318.  Length  of  a  degree,  —  In  this  way  it  has 
been  ascertained  that  the  length  of  a  degree  of  the 
earth's  surface  is  a  little  less  than  70  British  statute 
miles,  and  may  be  expressed  in  feet  (in  round  num- 
bers) by  365,000. 

It  will  therefore  be  easy  to  remember  that  the 
length  of  a  degree  is  as  many  thousand  feet  as  there 
are  days  in  the  year. 

2319.  Length  of  a  second  of  the  earth.  —  Since 
a  second  is  the  3600th  part  of  a  degree,  it  follows 
also  that  the  length  of  a  second  is  an  hundred  feet 
very  nearly,  a  measure  also  eanly  remembered. 

2320.  Change  of  direction  of  the  plumb-line  in 
passing  over  a  given  direction,  —  From  what  has 
just  been  explained  it  will  be  understood  that  si  nee 
a  plumb-line  always  points  to  the  centre  of  the  earth 
(when  its  direction  is  undisturbed  by  any  local  attrac- 
tion), its  change  of  direction,  in  passing  from  any  one 
place  to  any  other,  may  be  always  found  by  allowing 
I"  for  every  hundred  feet  in  the  direct  line  joining 

the  pkces,  or  still  more  exactly  by  allowing  365,000  feet  for  every 
degree,  and  a  proportional  part  of  this  length  for  every  fraction  of 
a  degree  between  the  places. 

2321.  To  find  the  earl's  diameter. —  Nothing  can  be  more  easy, 
after  what  has  been  stated,  than  the  solution  of  the  problem  to  deter- 
mine the  earth's  diameter.  By  what  has  been  explained  (2294), 
if  r  express  the  radius  or  semidiameter  of  the  earth  cp,  a  the  arc 
pj?  of  the  earth's  surface  between  the  two  places,  and  a  the  angle 
p  0  p',  we  shall  have  — 

206265 
r  =  a  X  TT-' 
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If  ike  disluoe  a  be  one  degree,  this  will  beoome  — 

r  =  ?|g§§5  X  206265  =  20,912,979; 

or  jerj  Dearly  21  million  feet,  wliioh  ia  equal  to  8960  statate  miles. 
So  that  the  diameter  of  the  earth  would  be  7920  miles,  or  in  round 
DUfflbezs  (for  we  are  not  here  pretending  to  eoUreme  arithmetical 
pxeciaon)  8000  miles. 

The  process  of  observation  above  explained  is  not  in  its  details 
exactlj  that  by  which  the  magnitude  of  the  earth  is  ascertained, 
bat  it  is  in  spirit  and  principle  the  method  of  observation  and  cal- 
enlalian.  It  would  not  be  easy  to  find,  for  example,  any  two  suffi- 
dently  observable  stars  which  at  one  and  the  same  moment  would 
be  vertically  over  the  two  plac^  p  and  j/,  but  any  two  stars  nearly 
orer  them  would  equally  answer  the  purpose  by  observing  the  extent 
of  their  departure  from  the  vertical  direction.  Neither  is  it  neces- 
sary that  the  two  observations  should  execUy  coincide  as  to  time ; 
but  these  details  do  not  affect  the  principle  of  the  method,  and  will 
be  more  clearly  intelligible  as  the  student  advances. 

2322.  Superficiai  inequalities  of  the  earth  relatively  insignifr 
canL  —  It  is  by  comparison  alone  that  we  can  acquire  any  clear  or 
definite  notions  of  distances  and  magnitudes  which  do  not  come 
under  the  immediate  cognizance  of  the  senses.  If  we  desire  to 
toqutre  a  notion  of  a  vast  distance  over  which  we  cannot  pass,  we 
compare  it  with  one  in  which  we  have  immediate  and  actual  ac- 
quaintance, sooh  as  a  foot^  a  yard,  or  a  mile.  And  since  the  area 
or  Boperfidal  extent  of  surfaces  and  the  volume  or  bulk  of  solids 
are  lemctsvely  determined  by  the  length  of  their  linear  dimen- 
siooa^  the  same  expedient  suffices  to  acquire  notions  of  them.  In 
Astronomy,  having  to  deal  with  magnitudes  exceeding  in  enormous^ 
importions  those  of  all  objects,  even  the  most  stupendous,  which 
are  so  a|>pr«Miehable  as  to  afford  means  of  direct  sensible  observa^ 
lion,  we  are  incessantly  obliged  to  have  recourse  to  such  comparisons 
in  Older  to  give  some  degree  ci  clearness  to  pur  ideas,  since  without 
them  onr  knowledge  would  become  a  mere  assemblage  of  words, 
nnmbersy  and  geometrical  diagrains. 

Let  OS,  then,  consider  the  dimensions  and  form  of  the  earth,  as 
they  have  been  ascertained  in  the  preceding  paragraphs. 

When  it  is  stated  that  the  eartib  is  a  globe,  the  first  objection 
which  wiU  be  raised  by  the  uninformed  student  is  that  the  conti- 
nents, islands,  and  tracts  of  land  with  which  it  is  covered  are 
marked  by  considerable  inequalities  of  level ;  that  mountains  rise 
into  tidges  and  peaks  of  vast  height;  that  the  seas  and  oceans, 
though  kvel  at  their  smribce  in  a  certain  general  sense,  are  agitated 
bf  great  waves,  and  alternately  swelled  and  depressed  by  tides,  and 
that  the  solid  bottom  of  them  is  known  to  be  subject  to  inequalities 

m.  10   ' 
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analogous  in  character^  and  not  less  in  depth  than  those  which  pre- 
vail on  the  land.  Since,  then,  it  is  the  characteristic  property  of  ft 
globe  that  all  points  on  its  surface  are  equally  distant  from  ita  centre, 
how,  it  may  be  demanded,  can  a  mass  of  matter,  so  unequal  in  its 
surface  as  the  earth  is,  be  a  globe  ? 

It  may  be  conceded  at  once,  in  reply  to  thb  objection,  that  the 
earth  is  not,  in  the  strict  geometric  sense  of  the  term,  a  globe.  But 
let  us  consider  the  extent  of  its  departure  from  the  globular  form, 
so  far  as  relates  to  the  superficial  inequalities  just  adverted  to. 

The  most  lofty  mountain  peaks  do  not  exceed  five  miles  in  height. 
Few,  indeed,  approach  that  limit.  Most  of  the  considerable  moun- 
tainous districts  are  limited  to  less  than  half  that  height  No  con- 
siderable tract  of  land  has  a  general  elevation  even  of  one  mile. 
The  deepest  parts  of  the  sea  have  not  been  sounded ;  but  it  is  cer- 
tain that  their  depth  does  not  exceed  the  heights  of  the  most  lofty 
mountains,  and  the  general  depth  is  incomparably  less.  The  super- 
ficial inequalities  of  the  aqueous  surface  produced  by  waves  and 
tides  are  comparatively  insignificant. 

Now,  let  us  consider  how  these  several  superficial  inequalities 
would  be  represented,  observing  a  due  proportion  of  scale,  even 
on  the  most  stupendous  model. 

Construct  a  globe  20  feet  in  diameter,  as  a  model  of  the  earth. 
Since  20  feet  represents  8000  miles,  l-400th  part  of  a  foot,  or 
8-1 00th  parts  of  an  inch,  represents  a  mile.  The  height,  therefore, 
of  the  most  lofty  mountain  peak,  and  the  greatest  depth  of  the  ocean, 
would  be  represented  by  a  protuberance  or  a  hole  having  no  greater 
elevation  or  depth  than  15-lOOths,  or  about  the  seventh  part  of  an 
inch.  The  general  elevation  of  a  continent  would  be  fairly  repre- 
sented by  a  leaf  of  paper  pasted  upon  the  surface,  having  the  thickness 
of  less  than  the  fiftieth  of  an  inch ;  and  a  depression  of  little  greater 
amount  would  express  the  depth  of  the  general  bed  of  the  sea. 

It  will  therefore  be  apparent,  that  the  departure  of  such  a  model 
from  the  true  form  of  a  globe  would  be  in  all,  save  a  strictly  geomet- 
rical sense,  absolutely  insignificant 

2323.  Rdatiue  dimengiong  of  the  atmosphere, — The  surface  of 
the  earth  is  covered  by  an  ocean  of  air,  which  floats  upon  it  as  the 
waters  of  the  seas  rest  upon  their  solid  bed.  The  density  of  this 
fluid  is  greatest  in  the  stratum  which  is  in  immediate  contact  with 
the  surface  of  the  land  and  water  of  the  earth,  and  it  diminishes  in 
a  very  rapid  ratio  in  ascending,  so  that  one  half  of  the  entire  atmo- 
sphere is  included  in  the  strata  whose  height  b  within  3^  miles  of 
the  surface.  At  an  altitude  of  80  miles,  or  the  hundredth  part  of 
the  earth's  diameter,  the  rarefaction  must  be  so  extreme,  that  neither 
animal  life  nor  combustion  could  be  maintained. 

The  atmosphere,  being  then  limited  to  such  a  height,  would  be 
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lepresented  od  the  model  aboye  described  by  a  stratom  two  inches 
and  a  half  thick. 

2S24.  If  the  earth  moved j  how  could  its  motion  he  perceived?^' 
Having  thus  ascertained,  in  a  rough  way,  the  form  and  dimensions 
of  the  earthy  lei  ns  consider  the  question  of  its  rest  or  mobility. 

Nothing  is  more  repugnant  to  the  first  impressions  received  from 
the  aspect  of  the  SQi&oe  of  the  earth,  and  all  npon  it,  than  the  idea 
that  it  18  in  motion.  But  if  this  universal  impression  be  traced  to 
its  origiD,  and  rightly  interpreted,  it  will  not  be  found  erroneous, 
and  will  form  no  exception  to  the  general  maxim  which  induces  all 
persons,  not  even  excepting  philosophers,  to  regard  without  disrespect 
Botioiu  which  have  obtained  universal  popular  acceptation. 

What  is  the  stability  and  repose  ascribed  by  the  popular  judgment 
to  the  earth  ?  Eepose  certainly  absolute,  so  fiir  as  regards  all  objects 
of  Tiilgar  or  popular  contemplation.  It  is  maintained,  and  maintained 
truly,  that  every  thing  upon  the  earth,  so  far  as  the  agency  of  ex« 
tenial  causes  is  concerned,  is  at  relative  rest.  Hills,  mountains, 
and  valleys,  oceans,  seas,  and  rivers,  as  well  as  all  artificial  structures, 
are  in  rdative  repose;  and  if  our  observation  did  not  extend  to 
objects  exterior  to  the  globe,  the  popular  maxim  would  be  indispu- 
table. But  the  astronomer  contemplates  objects  which  either  escape 
the  attention  of,  or  are  imperfectly  known  to,  mankind  in  genend ; 
and  the  phenomena  which  attend  these  render  it  manifest,  that  while 
the  earth,  in  relation  to  all  objects  upon  it  and  forming  part  of  it,  is 
at  rest,  it  is  in  motion  with  relation  to  all  the  other  bodies  of  the 
onivene. 

The  motion  of  objects  external  to  the  observer  is  perceived  by  the 
KDse  of  sight  only,  and  is  manifested  by  the  relative  dispkcement 
it  produces  among  the  objects  affected  by  it,  with  relation  to  objects 
around  them  which  are  not  in  motion,  and  with  relation  to  each 
other.  Motions  in  which  the  person  of  the  observer  participates 
may  affect  the  senses  both  of  feeling  and  sight.  The  feeling  is 
affected  by  the  a^tation  to  which  the  body  of  the  observer  is  exposed. 
Thui,  m  a  carnage  which  starts  or  stops,  or  suddenly  increases  or 
slackens  its  speed,  the  matter  oomposiuff  the  person  of  the  observer 
has  a  tendency  to  retain  the  motion  which  it  had  previous  to  the 
change,  and  is  accordingly  affected  with  a  certain  force,  as  if  it  were 
poahed  or  drawn  from  rest  in  one  direction  or  the  other.  But  once 
in  a  Btate  of  uniform  motion,  the  sense  of  feeling  is  only  affected  by 
the  agitation  proceeding  from  the  inequalities  of  the  road.  If  these 
inequlities  are  totally  removed,  as  they  are  in  a  boat  drawn  at  a 
vnifonn  rate  on  a  canal,  the  sense  of  feeling  no  longer  affords  any 
eridenoe  whatever  of  the  motion. 

A  remarkable  example  of  the  absence  of  all  consciousness  of 
notioD,  so  far  as  mere  feeling  is  concerned,  is  presented  to  all  who 
have  aseended  in  a  balloon.    As  the  aerial  vehicle  floats  with  the 
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gtratam  of  the  air  in  which  it  is  saspefided,  die  feeliag  of  fhe  aero- 
naut is  that  of  the  most  absolute  r^ose.  The  balloon  seems  as  fixed 
and  immoveable  as  the  solid  globe  itself,  and  nothing  eoold  produce 
in  the  vojager,  blindfolded,  any  oonsoioasneas  whatever  of  motion. 
When  however  bis  eyes,  tmbandnged,  are  turned  downwards,  he  seea 
the  vast  diorama  below  moving  under  him.  Fields  and  woods,  vil- 
lages and  towns,  pass  in  suooession,  and  the  phenomena  are  such  tta 
to  impress  oin  the  eye,  and  through  the  eye  upon  t&e  mind,  die  con- 
viction that  the  balloon  is  Stationary,  and  the  earth  moving  under  it. 
A  certain  effort  of  the  understanding,  slight,  it  is  true,  but  still  am 
effort,  is  required  to  arrive  at  the  inference  that  the  impression  tbna 
produced  on  the  sense  of  vision  is  an  illusion,  that  the  motion  with 
which  the  landscape  seems  to  be  affected  is  one  which  in  reality 
affects  the  balloon  in  which  the  spectator  is  suspended,  and  that  ttiia 
motion  is  equal  in  speed,  and  contrary  in  direetioa,  to  that  which 
appears  to  affect  the  subjacent  country. 

Now  it  will  be  evident,  that  if  the  globe  of  the  earth,  and  all 
upon  it,  were  floating  in  space,  and  moving  in  any  direction  at  anj 
uniform  rate,  no  consciousness  of  such  motion  could  affect  any  sen- 
sitive being  hpon  it.  All  objects  partaking  in  common  in  such 
motion,  no  more  derangement  among  them  would  ensue  than  among 
the  persons  and  objects  transported  in  the  car  of  the  balloon,  where 
the  aeronaut,  no  matter  what  be  the  speed  of  the  motion,  can  fill  a 
riass  to  the  brim  as  easily  as  if  he  were  upon  the  solid  ground. 
Supposing,  then,  that  the  eardi  were  affected  by  any  motion  in  which 
all  objects  upon  it,  including  the  waters  of  the  ocean,  the  atmo- 
sphere, and  clouds,  would  all  participate,  would  the  existence  of  such 
a  motion  be  perceived  by  a  spectator  placed  upon  the  eartii  who 
would  himself  partake  of  it  ?  It  is  clear  that  he  must  remain  for 
ever  unconscious  of  it,  unless  he  could  find  within  the  range  of  his 
vision  some  objects  which,  not  partaking  of  the  motion,  would 
appear  to  have  a  motion  contrary  to  that  which  the  observer  has  ia 
common  with  the  earth. 

But  such  objects  are  only  to  be  looked  for  in  the  regions  of  space 
beyond  the  limits  of  the  atmosphere.  We  find  them  in  fine  in  the 
sun,  the  moon,  the  stars,  and  all  the  objects  which  the  firmament 
presents.  Whatever  motion  the  earth  may  have,  will  impart  to  all 
these  distant  objects  the  appearance  of  a  motion  in  the  contrarj 
direction. 

But  how,  it  may  be  asked,  is  the  apparent  motion  produced  in 
distant  objects  by  a  real  motion  of  the  station  in  which  the  observer 
is  placed,  to  be  distinguished  from  the  real  motion  of  the  distant 
objects  themselves,  which  would  give  them  the  same  apparent 
motion?  Since  the  phenomena  are  absolutely  identified,  whether 
the  apparent  motion  observed  is  produced  by  a  real  motion  in  the 
observer,  or  a  real  motion  in  the  object  observed,  it  ia  neceasaiir  to 
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aeek  fiir  evidence;  either  that  the  ohjeot  observed  cannot  hftve  the 
real  motion  which  would  produce  the  phenomena,  or  that  the  station 
of  the  obfierver  has  it.  But  before  engaging  in  this  question,  it  is 
^eeeBBUj,  Jlniy  to  obtain  a  dear  and  definite  knowledge  of  what  the 
^parent  motion  in  question  is ;  secondly ^  what  is  the  real  motion 
of  the  earth  which  could  produce  it;  and  thirdly ^  what  would  be 
the  real  motion,  or  motions,  of  the  objects  observed^  which  would 
produce  the  same  phenomena. 

2325.  Parallax.  —  Since  the  apparent  place  of  a  distant  object 
depends  on  the  direction  of  the  visual  line  drawn  from  the  observer 
to  such  object,  and  since- while  the  object  remains  stationary  the 
direction  of  this  visual  line  is  changed  with  every  change  of  position 
of  the  observer,  such  change  of  position  produces  necessarily  a  dis- 
placement in  the  apparent  position  of  the  object. 

This  apparent  displacement  of  any  object  seen  at  a  distance,  due 
to  the  change  of  position  of  the  observer,  is  called  parallax. 

It  follows  that  a  distant  object  seen  by  two  observers  at  different 
places  on  the  earth  is  seen  in  different  directions,  so  that  its  appa- 
rent place  in  the  firmament  will  be  different.  It  would  therefore 
fellow,  that  the  aspect  of  the  heavens  would  vary  with  every  change 
of  position  of  the  observer  on  the  earth,  just  as  the  relative  position 
of  objects  on  land  which  are  stationary,  changes  when  viewed  from 
the  deck  of  a  vessel  which  sails  or  steams  along  the  coast.  But  it 
BO  happens,  as  will  appear  hereafter,  that  even  the  greatest  difference 
of  position  which  can  exist  between  observers  on  the  earth's  surface 
is  BO  small  compared  even  with  the  nearest  bodies  to  the  earth,  that 
the  apparent  displacement,  or  parallax,  thus  produced  is  very 
small ;  while  for  the  most  numerous  of  celestial  objects,  the  stars, 
it  is  absolutely  inappreciable  by  the  most  refined  means  of  observa- 
tion and  measurement. 

Small  as  it  is,  however,  so  &r  as  relates  to  the  nearer  bodies  of  the 
muverse,  it  is  capable  of  definite  measurement,  and  its  amount  for 
each  of  them  supplies  one  of  the  data  by  which  their  distances  are 
calculated. 

2326.  Apparent  and  true  place  of  an  object,  —  Diurnal  pa" 
raUax.  —  When  an  object  is  within  such  a  limit  of  distance  as 
would  cause  a  sensible  displacement  to  be  produced  when  it  is 
viewed  from  different  parts  of  the  earth's  surface,  it  is  convenient, 
in  registering  its  apparent  position  at  any  given  time,  to  adopt  some 
fixed  station  from  which  it  is  supposed  to  be  observed.  The  station 
selected  by  astronomers  for  this  purpose  is  the  centre  of  the  earth. 
The  direcuon  in  which  an  object  would  be  seed  if  viewed  from  the 
centre  of  the  earth  is  called  its  tru£  place.  The  direction  in 
which  it  is  seen  from  any  place  of  observation  on  the  surface  is 
called  its  apparent  plage,  and  the  apparent  displacement  which 
would  be  produced  by  the  transfer  of  the  observer  from  the  centre 
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to  the  sur&oe  Or  vice  versA,  or,  what  (s  the  dame,  the  difference 
between  the  trae  and  apparent  places^  is  called  the  biuknal 

PARALLAX. 

In  Jig.  690,  let  0  repk^sent  the  centre  of  the  earth,  i»  a  place  of 
observation  on  ita  durfkce^  o  ah  object  seen  in  the  zenith  of  p,  o' 


Fig.  696. 

the  same  object  seen  at  the  zenith  distance  o  p  o',  and  o''  fixe  same 
object  seen  in  the  horizon. 

It  is  evident  that  o  will  appear  in  the  same  direction,  whether  it 
be  viewed  from  p  or  c.  Hence  it  follows  that  in  the  zenith  there 
is  no  diurnal  parallax,  and  that  there  the  apparent  place  of  an  ob- 
ject is  its  true  place. 

But  if  the  object  be  at  o',  then  the  apparent  direction  is  p  o', 
while  the  true  direction  is  o  o',  and  the  apparent  place  of  the  object 
will  be  a',  while  its  true  place  will  be  f ;  and  the  diurnal  parallax 
corresponding  to  the  zenith  distance  o  P  o'  will  be  if  a',  or  the  angle 
f  o'  a",  which  is  equal  to  p  o'  C. 

As  the  object  is  more  remote  from  the  zenith  the  parallax  is  aug- 
mented, because  the  semidiameter  c  P  of  the  earth,  which  passes 
through  the  place  of  observation,  is  more  and  more  nearly  at  right 
angles  to  the  directions  c  o'  and  P  o'. 

2327.  Horizontal paraUax.  —  When  the  object  is  in  the  horizon, 
to  at  o",  the  diurnal  parallax  becomes  greatest;  and  is  called  the 


APPABBNT  FORM  OF  THE  FIBHAMENT.  115 

HOUZOITTAL  PARALLAX.    It  18  the  angle  p  o''  0  which  the  semi- 
dkmeter  of  the  earth  subtends  at  the  object. 

If  S  express  the  zenith  distance,  or  the  angle  P  c  o',  a  line  0  n 
dravn  from  o  at  right  angles  to  P (/ n  will  be  expressed  hj  zxrx 
liiL  z,  r  being  the  semidiameter  o  p  of  the  earth.  If  d  express  the 
distaaee  of  the  object  o'^  and  w  the  parallactic  angle  p  o'  0,  which 
is  alvajs  Tety  enuJlj  we  shall  have^  by  the  principle  explained  in 

i"  =  206265"  X  sin.  z  X  ~,  i 

llie  parallax  bein^  expressed  in  seconds. 

If  the  object  do  in  the  horizon  as  at  o''^  we  shall  have  z  =  90^^ 
sad  therefore 

«"  =  206265"  x-^. 

D 

2828.  Given  the  horizontal  parallax  and  the  earth* b  semtdu 
antler,  to  compute  the  distance  of  the  object. — It  is  evident  that  this 
important  problem  can  be  sdved  by  the  preceding  fonnul»:  for  we 
hafe(2297) 

206265 


CHAP.  III. 

APPARENT   FORM   AMD   MOTION   OF   THE   FIRMAMENT. 

2329.  Aspect  of  the  firm  a  mm  t. — If  we  examine  the  heavens 
Tith  attention  on  clear  starli<rht  nights,  wc  shall  soon  be  struck  with 
fbe  facty  that  the  brilliant  objects  scattered  over  them  in  such  incal- 
enlable  numbers  maintain  constantlj  the  same  relative  position  and 
uraDgement.  Every  eye  is  familiar  with  certain  groups  of  stars 
called  constellations.  These  are  never  observed  to  change  their 
Klative  position.  A  diagram  representing  them  now  would  equally 
represent  them  at  any  futore  time }  and  if  a  general  map  be  made, 
showing  the  relative  arrangement  of  these  bodies  on  any  night,  the 
nme  map  will  represent  them  with  equal  exactness  and  fidelity  on 
any  other  night.  There  are  a  few,  —  some  thirty  or  forty  or  sn, — 
tinoDg  many  thousands,  which  are  exceptions  to  this,  with  which, 
however,  for  the  present  we  need  not  concern  ourselves. 

2330.  The  celestial  hemisphere.  —  The  impression  produced  upon 
^  light  by  these  objects  is  that  they  arc  at  a  vast  distance;  but  all 
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at  tbo  mme  distance.  They  seem  as  though  they  were  attaehed  in 
fixed  and  uaalterable  positions  upon  the  surface  of  a  vast  hemi- 
sphere, of  which  the  place  of  the  observer  is  the  centre.  Setting 
aside  the  accidental  inequalities  of  the  ground,  the  observer  seems 
to  stand  in  the  centre  of  a  vast  circular  plane,  which  is  the  base  of 
this  celestial  hemisphere. 

2331.  Horizon  and  zenith.  —  This  plane,  extended  indefinitely 
around  the  observer,  meets  the  celestial  hemisphere  in  a  circle  which 
is  called  the  Horizon,  from  the  Greek  word  opc^fcv  (horizein),  to 
terminate  or  bound.,  being  the  boundary  or  limit  of  the  visible 
heavens. 

The  centre  point  of  the  visible  hemisphere — that  point  which  is 
perpendicularly  above  the  observer,  and  to  which  a  plumb-line  sus- 
pended at  rest  would  be  directed — is  called  the  Zenith. 

2332.  Apparent  rotation  of  the  firmament  —  A  few  hours'  at- 
tentive contemplation  of  the  firmament  at  night  wiU  enable  any 
common  observer  to  perceive,  that  although  the  stars  are,  relatively 
to  each  other,  fixed,  the  hemisphere,  gm  a  whoUj  is  in  motion. 
Looking  at  the  zenith,  constellation  after  constellation  will  appear 
to  pass  across  it,  having  risen  in  an  oblique  direction  from  the  hori- 
zon at  one  side,  and,  after  passing  the  zenith,  descending  on  the 
other  side  to  the  horizon,  in  a  direction  similarly  oblique.  Still 
more  careful  and  longer  continued  observation,  and  a  comparison,  so 
far  as  can  be  made  by  the  eye,  of  the  different  directions  succes- 
sively assumed  by  the  same  object,  creates  a  suspicion,  which  every 
additional  observation  strengthens,  that  the  celestial  vault  has  a 
motion  of  slow  and  uniform  rotation  round  a  certain  diameter  as  an 
axis,  carrying  with  it  all  the  objects  visible  upon  it,  without  in  the 
least  deranging  their  relative  positions  or  disturbing  their  arrango- 
ment. 

Such  an  impression,  if  well  founded,  would  involve,  as  a  neces- 
sary consequence,  that  a  certain  point  in  the  heavens,  placed  at  the 
extremity  of  the  axis  of  its  rotation,  would  be  fixed,  and  that  all 
other  points  would  appear  to  be  carried  around  it  in  circles ;  each 
such  point  preserving  therefore,  constantly,  the  same  distance  firom 
the  point  thus  fixed. 

^  2333.  The  pole  star.  —  To  verify  this  inference,  we  must  look 
for  a  star  which  is  not  affected  by  the  apparent  rotation  of  the 
heavens,  which  affects  more  or  less  every  other  star. 

Such  a  star  is  accordingly  found,  which  is  always  seen  in  the 
same  direction,  —  so  far  at  least  as  the  eye,  unaided  by  more  accu- 
rate means  of  observation,  can  determine. 

The  place  of  this  star  is  called  the  Pole,  and  the  star  is  called 
the  Pole  Star. 


APPARENT  FORM  OP  THB  FIRMAMENT.  117 

2334.  Rotation  proved  hy  tnstruTnentdl  observation.  —  Mere 
Tisul  obsenratioQ,  however^  can  at  most  only  supply  grounds  for 
probable  conjecture^  either  as  to  the  rotation  of  the  sphere,  or  the 
position  of  its  pole,  if  such  rotation  take  place.  To  verify  this  con- 
jectore,  to  determine  with  certainty  whether  the  motion  of  the 
^here  be  one  of  rotation,  and  if  so,  to  ascertain  with  precision  the 
<hrection  of  the  axis  round  which  this  rotation  takes  place,  its  velo- 
city, aod,  m  fine^  whether  it  be  uniform  or  variable, — are  problems 
of  the  highest  importance,  but  which  are  altogether  beyond  the 
powers  of  mere  visual  observation^  unaided  by  instruments  of  pre- 
ci^ioD. 

2335.  Exact  direction  of  the  axis  and  position  of  the  pole.  — 
Sappoee  a  telescope  of  low  magnifying  power,  supplied  with  micro- 
metzic  wires  (2302),  to  be  directed  to  the  pole  star,  so  that  the  star 
Dty  be  seen  exactly  upon  the  intersection  of  the  middle  wires.  If 
tlus  star  were  precisely  at  the  extremity  of  the  axis  of  the  hemi- 
sphere,  or  at  the  pole,  it  would  remain  permanently  at  the  intersec- 
tion of  the  wires,  notwithstanding  the  rotation  of  the  firmament 
Soeh  is  not)  however,  found  to  be  the  case.  The  star  will  appear  to 
more;  but,  if  the  magnifying  power  of  the  telescope  be  low  enough, 
it  will  not  leave  the  field  of  view.  It  will  appear  to  move  in  a  small 
circle,  the  diameter  of  which  is  about  three  degrees.  The  telescope 
ffiaj  be  so  adjusted  that  the  star  will  move  in  a  circle  round  the  in- 
tenedion  of  the  middle  wires  as  a  centre;  and  in  that  case  the 
pGJat  marked  by  the  intersection  of  the  middle  wires  is  the  true 
position  of  the  Pole,  round  which  the  pole  star  is  carried  in  a  circle^ 
at  the  distance  of  about  Ij^^,  by  the  rotation  of  the  sphere. 

23S6.  EgwUorial  instrument.  —  The  exact  direction  of  the  axis 
of  the  celestial  sphere  being  thus  ascertained,  it  is  possible  to  con- 
Etroet  an  apparatus  which  shall  be  capable  of  revolving  upon  a  fixed 
^  the  dilution  of  which  shall  coincide  with  that  of  the  sphere ; 
BO  that  if  a  telescope  were  fixed  in  the  direction  of  this  axis,  its  line 
of  coUimation  (2303)  would  exactly  point  to  the  celestial  pole. 

Upon  this  axis,  thus  directed  and  fixed,  suppose  a  telescope  to  be 
BO  mounted  that  it  may  be  placed  with  its  line  of  collimation  at  any 
desired  angle  with  the  axis,  and  let  a  properly  graduated  arc  be  pro- 
vided, by  which  the  magnitude  of  this  angle  may  be  measured  with 
bU  pnctical  precision. 

Thus,  let  A  a',  Jig.  697,  represent  the  direction  of  the  axis  on 
which  the  instrument  is  made  to  revolve.  The  line  A  a',  if  con- 
tinued to  the  firmament,  would  pass  through  the  pole  p.  Let  o  o 
npresent  the  line  of  collimation  of  a  telescope,  so  attached  to  the 
ttis  at  c  that  it  may  be  placed  at  any  desired  angle  with  it;  which 
iBfty  be  accomplished  by  placing  a  joint  at  o  on  which  the  telescope 
on  torn.  Let  n  O  n'  be  a  graduated  aro,  to  which  the  telescope  is 
>ttioiied  at  Oj  and  which  turns  with  the  telescc^  round  the  axia 
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A  A^  When  the  telescope,  being  fixed  at  any  proposed  angle  oca' 
with  the  axis,  is  turned  round  A  a',  the  line  of  colUmation  describes 
a  cone  of  which  o  is  the  vertex  and  o  a'  the  axis,  and  the  extremity 
o  describes  an  arc  o  o'  of  a  circle  at  a  distance  fh>m  m'  measured  by 
the  angle  o  o  a'. 

If  the  line  of  collimation  o  o  or  o  o'  be  imagined  to  be  continued 
to  the  heavens,  it  will  describe,  as  the  telescope  revolves,  a  circle 
o(/  on  the  firmament  corresponding  to  the  circle  o  o',  and  at  the 
same  angular  distance  oj>,  </p  from  the  celestial  pole  jp  as  the  end  o 


Tig.  697. 

or  (/  of  the  line  of  collimation  of  the  telescope  is  from  n'  or  a'.  la 
short,  the  angle  o  o  n'  equally  measures  the  two  arcs,  the  celestial 
arc  op  and  the  instrumental  arc  o  n'. 

The  instrument  thus  described  in  its  principle  is  one  of  the  moBt 
extensive  utility  in  observatories,  and  is  called  an  Equatoriai*. 

In  its  practical  construction  it  is  very  variously  mounted,  and  is 
sometimes  acted  upon  by  clock-work,  which  imparts  to  it  a  motion 
round  the  axis  a  a',  corresponding  with  the  rotation  of  the  celestial 
sphere. 

One  of  the  many  mechanical  arrangements  by  whidi  this  may  be 
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is  represented  in  fig,  698,  as  given  by  the  Astronomer 
BojbI,  in  his  lectures  delivered  at  the  Ipswich  Museum. 

The  instrument  is  supported  upon  pivots,  so  that  its  axis  a'  b' 
shall  ooindde  exactly  with  the  direction  of  the  celestial  axis.     The 


Fig.  698. 

telescope  o  D  turns  upon  a  joint  at  the  centre,  so  that  diftt^rent  di- 
reetioDs,  such  as  cf  i/,  (/'  i/',  mav  be  given  to  it.  The  motion  upon 
its  axis  is  imparted  to  it  by  wheel-work  elk,  impelled  by  clock- 
work, as  already  mentioned. 

23^7.  Rotation  of  firmament  proved  hy  equatorial.  —  Now,  to 
establish,  by  means  of  this  instrument,  the  fact  that  the  firmament 
really  has  a  motion  of  apparent  rotation  with  a  velocity  rigorously 
uniform  round  the  axis,  let  the  telescope  be  first  directed  to  any  star, 
0,  fig.  697,  for  example,  so  that  it  shall  be  seen  upon  the  intersection 
(^  the  middle  wires.  The  line  of  collimation  will  then  be  directed 
to  the  star,  and  the  angle  0  c  n'  or  the  arc  0  n'  will  express  the  ap* 
parent  distance  of  such  star  from  the  pole  p. 

Let  the  instrument  be  then  turned  upon  its  axis  from  east  to  west 
(that  is,  in  the  same  direction  as  the  rotation  of  the  firmament), 
through  any  proposed  angle,  say  90^,  and  let  it  be  fixed  in  that  po- 
sition. The  firmament  will  follow  it,  and  after  a  certain  interval 
the  same  star  will  be  seen  upon  the  intersection  of  the  wires ;  and 
in  the  same  manner,  whatever  be  the  change  of  position  of  the  in- 
BtTument  upon  its  axis,  provided  the  direction  of  the  telescope  upon 
the  arc  o  I?,  fig.  697,  be  not  changed,  the  star  will  always  arrive, 
after  an  interval  more  or  less,  according  to  the  angle  through  which 
this  instrument  has  been  turned,  upon  the  intersection  of  the  wires. 

It  follows,  therefore,  from  this,  that  the  particular  star  here  ob- 
served is  carried  in  a  circle  round  the  heavens,  always  at  the  same 
dbtance,  op,  from  the  celestial  pole. 

The  same  observations  being  made  with  a  like  result  upon  every 
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star  to  which  the  telescope  is  directed^  it  follows  ihat  die  motion  of 
the  firmament  is  suoh  that  all  objects  upon  it  describe  Giroles  at  ri^t 
angles  to  its  axis^  each  object  always  remainiog  at  the  same  distanoe 
from  the  pole. 

This  is  precisely  the  effect  which  would  be  produoed  by  the  rota- 
tion of  the  he&yens  round  an  axis  directed  to  the  pole  from  the  place 
of  the  observer. 

But  it  remains  to  ascertain  the  time  of  rotation,  and  whether  the 
rotation  be  uniform. 

If  the  telescope  be  directed  as  before  to  any  star,  so  ihat  it  shall 
be  seen  at  the  intersection  of  the  wires,  let  the  instrument  be  then 
fixed,  being  detached  from  the  clock-work,  and  let  the  exact  time 
of  the  star  passing  the  wires  be  noted.  On  the  follo?ring  night,  at 
the  approach  of  the  same  hour,  the  same  star  will  be  seen  approachiDg 
to  the  same  position,  and  h  will  at  length  arrive  again  upon  the 
wires.  The  time  being  again  exactly  observed,  it  will  be  found  that 
the  interval  which  has  elapsed  between  the  two  successive  passages 
of  the  star  over  the  wires  is 

23h-  56«-  409-. 

Such  is,  therefore,  the  time  in  which  the  celestial  sphere  makes 
one  complete  revolution,  and  this  time  will  be  always  found  to  be 
the  same,  whatever  be  the  star  to  which  the  telescope  is  directed. 

To  prove  that  not  only  every  complete  revolution  is  performed  in 
the  same  time,  but  that  the  rotation  during  the  same  revolution  is 
uniform,  let  the  instrument,  after  being  directed  to  any  star,  be  turned 
in  the  direction  of  the  motion  of  the  sphere  through  any  proposed 
angle,  90^  for  example.  It  will  be  found  that  the  interval  which 
will  elapse  between  the  passage  of  the  star  over  the  wires  in  the  two 
positions  will,  in  this  case,  be  the  fourth  part  of  23*»-  66"»-  4-09«- ; 
and,  in  general,  whatever  be  the  angle  through  which  the  instrument 
may  be  turned,  the  interval  between  the  passages  of  the  same  star 
over  the  wires  in  the  two  positions  will  bear  the  same  proportion  to 
23h.  66°»-  4  09«-,  as  the  angle  bears  to  360°. 

It  follows,  therefore,  that  the  apparent  rotation  of  the  heavens  is 
rigorously  uniform. 

It  will  be  observed  that  the  time  of  one  complete  revolution  is 
3™-  55'91"-  less  than  twenty-four  hours,  or  a  common  day.  The 
cause  of  this  difference  will  be  explained  hereafter. 

2338.  Sidereal  time,  —  The  time  of  one  complete  revolution  of 
the  firmament  is  called  a  8iD£aEAL  DAT.  This  interval  is  divided, 
like  a  common  day,  into  24  hours,  each  hour  into  60  minutes,  and 
each  minute  into  60  seconds. 

Since  in  24  sidereal  hours  the  sphere  turns  through  360^,  and 
since  its  motion  is  rigorously  uniform,  it  turns  15°  in  a  sidereal 
hour,  and  through  1°  in  four  sidereal  minutes. 
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2389.  The  tame  apparent  motion  observed  hy  day.  — It  may  be 
objected  that  although  thifl  description  of  the  moYement  of  the 
beaTeos  aecords  with  the  appearanoes  during  the  night,  there  is  no 
evidence  of  the  continuance  of  the  same  rotation  during  the  daj^ 
since  in  a  cloudless  firmament  no  object  is  visible  except  the  bud, 
which  being  alone  cannot  manifest  the  same  community  of  motion 
as  is  exhibited  by  the  multitudinous  objects  which,  being  crowded 
80  tbickly  on  the  firmament  at  night,  move  together  without  any 
change  in  their  apparent  relative  position.  To  this  objection  it 
may  be  answered  tiiat  the  moon  is  occasionally  seen  in  the  day- 
time as  well  as  the  sun ;  and,  moreover,  that  before  sunset  and 
sQurise  the  planets  Jupiter  and  Yenus  are  occasionally  seen  under 
favourable  atmospheric  circumstances.  Besides,  with  telescopes 
of  sufficient  power  properly  directed,  all  the  brighter  stars  can  be 
distinctly  seen  when  not  situated  very  near  the  position  of  the  sun. 
Nov,  in  all  these  cases,  the  objects  thus  seen  appear  to  be  carried 
round  by  the  same  motion  of  the  firmament,  which  is  so  much 
aore  conspicuously  manifested  in  the  absence  of  the  sun  and  at 
night 

2340.  Certain  fixed  points  and  circles  necessary  to  express  the 
potitian  of  ohjecU  on  Ae  heavens.  —  It  will  greatly  contribute  to 
the  &cilify  and  clearness  with  which  the  celestial  phenomena  and 
their  causes  shall  be  understood,  if  the  student  will  impress  upon 
bis  memory  the  names  and  positions  of  certain  fixed  points,  lines, 
aad  circles  of  the  celestial  sphere,  by  reference  to  which  the  posi- 
tion of  objects  upon  it  are  expressed.  Without  incumbering  him 
with  a  more  complex  nomenclature  than  is  indispensably  necessary 
for  this  purpose,  we  shall  therefore  explain  some  of  the  principal 
of  these  landmarks  of  the  heavens. 

2341.  Vertical  circles,  zenith,  and  nadir.  —  If  from  the  place 
of  the  obeerver  a  straight  line  be  imagined  to  be  drawn  perpen- 
Hirular  to  the  plane  of  the  horizon,  and  to  be  continued  indefinitely 
bf)th  upwards  and  downwards,  it  will  meet  the  visible  hemisphere 
at  its  vertex,  the  Zenith,  and  the  invisible  hemisphere,  which  is 
noder  the  plane  of  the  horizon^  at  a  corresponding  point  called  the 
Nawb. 

If  a  plane  be  supposed  to  pass  through  the  place  of  the  ob- 
server and  the  zenith,  it  will  meet  the  celestial  surface  in  a  series 
of  points,  forming  a  circle  at  right  angles  to  the  horizon.  Such  a 
circle  is  called  a  vertical  circle,  or,  shortly,  a  Vertical. 

If  this  plane  be  supposed  to  be  turned  round  the  line  passing 
upwards  to  the  zenith,  it  will  assume  successively  every  direction 
round  the  observer,  and  will  meet  the  heavens  in  every  possible 
vertical  circle. 

The  vertical  circles,  therefore,  all  intersecting  at  the  zenith  as  a 

in.  11 
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oommon  point,  divido  tbe  horison  us  the  divisioiis  of  the  hours  and 
minutes  divide  the  dial-plate  of  a  clock. 

2342.  The  celestial  meridian  and  prime  vertical,  —  That  veiiioftl 
which  passes  though  the  celestial  pole  is  called  the  Msbidiaic . 

The  meridian  is^  therefore,  the  only  circle  of  the  heavens  which 
passes  at  once  through  the  two  principal  fixed  points,  the  pole  And 
the  zenith. 

It  divides  the  visible  hemisphere  into  two  regions  on  the  right 
and  left  of  the  observer )  as  he  looks  to  the  north,  that  which  is 
on  his  right  being  called  the  Eastern,  and  that  which  is  on  his 
left  the  Western.  * 

Another  vertical  at  right  angles  to  the  meridian  is  called  the 
PRIME  VERTICAL.     This  \B  comparatiyelj  little  nsed  for  referenoe. 

2343.  Cardinal  points,  —  The  meridian  and  prime  vertical  di- 
vide the  horizon  at  four  points,  equally  distant,  and  therefore  sepa- 
rated by  arcs  of  90°.  These  points  are  called  the  oardinai. 
POINTS.  Those  formed  by  the  intersection  of  the  meridian  with 
the  horizon  are  called  the  North  and  South  points,  that  which  is 
nearest  to  the  visible  pole  in  the  northern  hemisphere  being  the 
north.  Those  formed  by  the  intersection  of  the  prime  vertical  with 
the  horizon  are  called  the  East  and  West,  that  to  the  right  of  an 
observer  looking  towards  the  north  being  the  east 

The  cardinal  points  correspond  with  those  marked  on  the  card 
of  a  mariner's  compass,  allowance  being  made  for  the  variation  of 
the  needle. 

2344.  The  azimuth,  — The  direction  of  an  object,  whether  terres- 
trial or  celestial,  in  reference  to  the  cardinal  points,  or  to  the  plane 
of  the  meridian,  is  called  its  Azimuth.  Thus  it  is  said  to  have  so 
many  degrees  of  azimuth  east  or  west,  according  as  the  vertical  circle, 
whose  pUne  passes  through  it,  forms  that  angle  east  or  west  of  the 
plane  of  the  meridian. 

2345.  Zenith  distance  and  altitude, — It  is  always  possible  to 
conceive  a  vertical  circle  which  shall  pass  through  any  proposed 
object  on  the  heavens.  The  arc  of  such  a  circle  between  the  zenith 
and  the  object  is  called  its  Zenith  distance. 

The  remainder  of  the  quadrant  of  the  vertical  between  the  object 
and  the  horizon  is  called  its  Altitude. 

It  is  evident,  therefore,  that  the  altitude  of  the  zenith  is  90^,  and 
the  zenith  distance  of  every  point  on  the  horizon  is  also  90°. 

The  arc  of  the  meridian  between  the  zenith  and  the  pole  is  the 
zenith  distance  of  the  pole,  and  the  arc  of  the  meridian  between  the 
pole  and  the  horizon  is  the  altitude  of  the  pole. 

2346.  Celestial  equator, — If  a  plane  be  imagined  to  pass  through 
the  place  of  the  observer  at  right  angles  to  the  axis  of  the  sphere, 
and  to  be  continued  to  the  heavens,  it  will  meet  the  surface  of  the 
celestial  vault  in  a  circle  which  shall  be  90°  from  the  pole,  and 
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which  will  divide  ihe  sphere  into  two  hemispheres,  at  the  vertex  of 
one  of  which  is  the  visible  or  north  pole^  and  at  the  vertex  of  the 
oth»  the  invisible  or  south  pole. 

This  circle  is  called  the  celestial  equator. 

The  several  fixed  points  and  circles  described  above  will  be  more 
dearly  conceived  by  the  aid  of  the  diagram,  Jiff.  699,  where  o  is  the 
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Kg.  699. 

place  of  tihe  observer,  z  the  zenith,  P  the  pole,  s  z  P  N  the  visibloy 
ind  8p  2  H  the  invisible  half  of  the  meridian ;  s  E  N  w  is  the  horizon 
seen  ^  projection  as  an  oval,  being,  however,  really  a  circle ;  N  and 
B  are  the  north  and  south,  and  e  and  w  the  east  and  west  cardinal 
pcmits.  The  points  of  the  several  circles  which  are  below  the  horizon 
are  distingaished  by  dotted  lines.  The  celestial  equator  is  repre- 
sented at  M  Q,  and  the  prime  vertical  at  z  w  E  z,  both  being  looked 
at  edgewise. 

A  plane  Nti,  drawn  through  the  north  cardinal  point  [and  parallel 
to  the  celestial  equator],  cuts  off  a  portion  of  the  sphere,  having  the 
visible  pole  P  at  its  centre,  all  of  which  is  above  the  horizon ;  and  a 
eoiranponding  plane,  s  s,  through  the  south  cardinal  point,  cuts  off  a 
part,  leaving  the  invisible  pole  at  its  centre,  all  of  which  is  below 
the  horizon. 

2347.  Apparent  motion  of  the  cdesiial  sphere.  —  Now,  if  the 
entire  sphere  be  imagined  to  revolve  on  the  line  Pop  through  the 
poles  as  a  fixed  axis,  making  one  complete  revolution,  and  in  such  a 
direction  that  it  will  pass  over  an  observer  at  o,  looking  towards  n 
from  his  right  to  his  left,  carrying  with  it  all  the  objects  on  the 
firmament,  without  disturbing  their  relative  position  and  arrangement, 
we  shall  form  an  exact  notion  of  the  apparent  motion  of  the  heavens. 
All  objects  rise  upon  the  eastern  half,  SE  n^  of  the  horizon,  and  set 
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upon  the  western  half;  a  w  n.  The  objects  which  are  nearer  to  the 
visible  pole  P  than  the  circle  n  n  never  set ;  and  those  which  are 
nearer  to  the  invisible  pole  p  than  the  circle  s  s  never  rise.  Those 
which  are  between  the  equator  je  q  and  the  circle  n  n  are  longer 
above  the  horizon  than  below  it;  and  those  which  are  between  Uie 
equator  M  Q  and  the  circle  s  s  are  longer  below  the  horizon  than 
above  it.  Objects,  in  fine,  which  are  upon  the  equator  are  equal 
times  above  and  below  the  horizon. 

When  an  object  rises,  it  gradually  increases  its  altitude  until  it 
reaches  the  meridian.  It  then  begins  to  descendi  and  continues  to 
descend  until  it  sets. 


CHAP.  IV. 

DIURNAL  EOTATION  OF  THE  SARTH. 

2348.  Apparent  diurnal  rotation  of  the  heavens — its  possible 
causes,  —  The  apparent  diurnal  rotation  of  the  celestial  sphere  being 
such  as  has  been  explained,  it  remains  to  determine  what  is  the  re«d 
motion  which  produces  it.  Now  it  is  demonstrable  that  it  may  be 
caused  indifferently,  either  by  a  real  motion  of  the  sphere  round  the 
observer,  corresponding  in  direction  and  velocity  with  the  apparent 
motion,  or  by  a  real  motion  of  the  earth  in  the  contrary  direotaon, 
but  with  the  same  angular  velocity  upon  that  diameter  of  the  ^obe 
which  coincides  with  the  direction  of  the  axis  of  the  celestial  sphere^ 
and  that  no  other  conceivable  motion  would  produce  that  apparent 
rotation  of  the  heavens  which  we  witness.  Between  these  two  we 
are  to  decide  which  really  exists. 

2349.  Supposition  of  the  real  motion  of  the  universe  inadmis* 
siUe.  —  The  fixity  and  absolute  repose  of  the  globe  of  the  earth 
being  assumed  by  the  ancients  as  a  physical  maxim  which  did  not 
even  admit  of  being  questioned,  they  perceived  the  inevitable  cha- 
racter of  the  alternative  which  the  apparent  diurnal  rotation  of  the 
heavens  imposed  upon  them,  and  accordingly  embraced  the  hypo* 
thesis,  which  now  appears  so  monstrous,  and  which  is  implied  in  the 
term  universe,*  which  they  have  bequeathed  to  us. 

It  is  true  that,  owing  to  the  imperfect  knowledge  which  prevailed 
as  to  the  real  magnitudes  and  distances  of  the  bodies  to  which  thb 
common  motion  was  so  unhesitatingly  ascribed,  the  improbability  of 
the  supposition  would  not  have  seemed  so  gross  as  it  does  to  the 
more  enlightened  enquirers  of  our  age.     Nevertheless,  in  any  view 

*  Units,  one,  and  vbrsvm,  turning^  or  rotation,  —  taming  with  one  com- 
mon motion  of  rotation. 
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of  it,  and  eTen  with  the  moet  imperfoot  knowledge,  the.  hypothesis 
whidi  required  the  admission  that  the  myriads  of  bodies  which 
appear  upon  the  firmament  should  have,  besides  the  proper  mo- 
tions of  several  of  them,  sooh  as  the  moon  and  planets,  of  which 
the  andenta  were  not  unaware,  motions  of  revelation  wi^  velocities 
80  prodigiovis  and  so  marvelloualv  rekted,  that  all  should,  in  the  short 
interval  of  twenty-four  hours,  whirl  round  the  axis  of  the  earth  with 
the  unerring  harmony  and  regularity  necessary  to  ezphiin  the  appa- 
rent diunial  rotation  of  the  finnament,  ought  t9  have  raised  serious 
difBcoltiea  and  doubts. 

But  vrith  the  knowledge  which  has  been  obtained  by  the  labours 
of  modem  astronomers  respecting  the  enormous  magnitudes  of  the 
prindpal  bodies  of  the  physical  universe,  magnitudes  compared  with 
which  that  of  the  globe  of  the  earth  dwindles  to  a  mere  point,  and 
their  distanoes,  under  the  expression  of  which  the  very  power  of 
number  itself  almost  fails,  and  recourse  is  had  to  colossal  units  in 
ordo^  to  enable  it  to  express  even  the  smallest  of  them,  the  hypo- 
tfaesia  of  the  immobility  of  the  earth,  and  the  diurnal  rotation  of  the 
ooundees  orbs,  of  magnitudes  so  inconceivable  filling  the  immensity 
of  spaee  onoe  every  twenty-four  hours  round  this  grain  of  matter 
eompodng  our  globe,  becomes  so  preposterous  that  it  is  rejected, 
not  as  an  improbability,  but  as  an  absmdity  too  gross  to  be  even  for 
a  moment  seriously  entertained  or  discussed. 

2350.  Simflicity  and  intrinsic  probability  of  the  rotation  of  the 
etMTth.  —  But  if  any  mund  for  hesitation  in  the  rejection  of  this 
hypotheos  existed,  all  doubt  would  be  removed  by  the  simplicity 
and  in^nac  probability  of  the  only  other  physical  cause  which  can 
produce  the  phenomena.  The  rotation  of  the  globe  of  the  earth 
apon  an  axis  passing  through  its  poles,  with  an  uniform  motion  from 
fTest  to  east  once  in  twenty-four  hours,  is  a  supposition  against  which 
loi  a  single  reason  can  be  adduced  based  on  improbability.  Such  a 
notion  explains  perfectly  the  apparent  diurnal  rotation  of  the  celes- 
«1  sphere.  Beinff  uniform  and  free  from  irregularities,  checks,  or 
idtB,  it  would  not l>e  perceivable  by  any  local  derangement  of  bodies 
ju  the  surface  of  the  earth,  all  of  which  would  participate  in  it. 
Observera  upon  the  suifaoe  of  our  globe  would  be  no  more  conscious 
of  it^  than  are  the  voyagers  shut  up  in  the  cabin  of  a  canal-boat,  or 
transported  above  the  clouds  in  the  car  of  a  balloon.  k 

2351.  Direct  proofi  of  the  earth* »  rotation.  —  Irresistible,  never- 
Uideas,  as  this  logical  alternative  is,  the  universality  and  antiquity 
of  Uie  belief  in  the  immobility  of  the  earth,  and  the  vast  physical 
importance  of  the  principle  in  question,  have  prompted  enquirers  to 
sendi  for  direct  proo&  of  the  actual  motion  of  the  earth  upon  its 
aiis.  Two  phenomena  have  accordingly  been  produced  as  imme- 
diate and  conduaive  proof  of  this  motion. 

11* 
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2362.  Proof  by  Ae  descent  of  a  lady  from  a  great  keigkL — H 
bas  been  already  (184)  sbown  that  a  body  desoeDding  from  a  great 
height  does  not  &11  in  the  trae  vertical  line,  which  it  would  if  the 
earth  were  at  rest,  but  eastward  of  it,  which  it  must,  if  the  earth 
have  a  motion  of  rotation  from  west  to  east 

2353.  Jd.  Leon  FoucauU'M  mode  of  demonstration, — ^An  ingeni- 
ous expedient,  by  which  the  diurnal  rotation  of  the  earth  is  rendered 
visible,  has  been  oonoeived  and  reduced  to  experiment  by  M.  Leon 
Foucault  This  oontrivanee  is  based  upon  the  principle,  that  the 
direction  of  the  plane  of  vibration  of  a  pendulum  is  not  affected  by 
any  motion  of  translation  which  may  be  given  to  its  point  of  sus- 
pension. Thus,  if  a  pendulum  suspended  in  a  room  and  put  into 
vibration  in  a  plane  parallel  to  one  of  the  walls  be  carried  round  a 
circular  table^  the  plane  of  its  vibration  will  continually  be  parallel 
to  the  same  wall,  and  will  therefore  vary  constantly  in  the  angle  it 
forms  with  the  radius  of  the  table  which  b  directed  to  it. 

Now,  if  a  pendulum,  suspended  any  where  so  near  the  pole  of 
the  earth  that  the  circle  round  the  pole  may  be  considered  a  plane, 
be  put  in  vibration  in  a  plane  passing  through  the  pole,  this  plane, 
continuing  parallel  to  its  original  direction  as  it  is  carried  round  the 
pole  by  the  earth's  rotation,  will  make  a  varying  angle  with  the  line 
drawn  to  the  pole  from  the  position  it  occupies.  After  being  carried 
through  a  quarter  of  a  revolution  it  will  make  an  an^le  of  90^  with 
the  line  to  the  pole,  and  so  on.  In  fine,  the  direction  of  the  pole 
will  appear  to  be  carried  round  the  plane  of  vibration  of  the  pen- 
dulum. 

The  same  effects  will  be  produced  at  greater  distances  from  the 
pole,  but  the  rate  of  variation  of  the  angle  under  the  plane  of  vi- 
bration and  the  plane  of  the  meridian  will  be  different;  owing  to  the 
effects  of  the  curvature  of  the  meridian. 

This  phenomenon,  therefore,  being  a  direct  effect  of  the  rotation 
of  the  earth,  supplies  a  proof  of  the  existence  of  that  motion,  at- 
tainable without  reference  to  objects  beyond  the  limits  of  the 
globe. 

2354.  Analogy  supplies  evidence  of  the  eardi's  rotation. — The 
obvious  analogy  of  the  planets  to  the  earth,  which  will  appear  more 
fully  hereafter,  would  supply  strong  evidence  in  favour  of  the  earth's 
rotation,  even  if  positive  demonstration  were  wanting.  All  the 
planets  are  globes  like  the  earth,  receiving  light  and  heat  from  the 
same  luminary,  and,  like  the  earth,  revolving  round  it.  Now  all 
the  planets  which  we  have  been  enabled  to  observe  have  motions  of 
rotation  on  axes,  in  times  not  very  different  from  that  of  the  earth. 

2355.  Figure  of  the  earth  supplies  another  proof  —  Besides 
these,  it  will  be  shown  hereafter  that  another  proof  of  the  rotation 
of  the  earth  is  supplied  by  a  peculiar  departure  from  the  strictly 
globular  form. 
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2356.  Ham  ikU  rotation  of  the  earth  expiaim  the  diurnal  phe- 
momeiuji. — ^We  are  then  to  conclude  that  the  earth,  heing  a  globe, 
has  a  motion  of  uniform  rotation  round  a  certain  diameter.  The 
VDiTerse  aroand  it  is  relatively  stationary,  and  the  bodies  which 
compoBe  it  being  at  distances  which  mere  vision  cannot  appreciate, 
appear  as  if  they  were  situate  on  the  surface  of  a  vast  oelestial 
iphere  in  the  centre  of  which  the  earth  revolves.  This  rotation  of 
the  earth  gives  to  the  q)here  the  appearance  of  revolving  in  the 
eoDtraiy  direction,  as  the  progresmve  motion  of  a  boat  on  a  river 
gives  to  the  banks  an  appearance  of  retrogressive  motion ;  and  since 
the  apparent  motion  of  the  heavens  is  from  east  to  west,  the  real 
rotation  of  the  earth  which  produces  that  appearance  must  be  from 
west  to  east. 

How  this  motion  of  rotation  explains  the  phenomena  of  the  rising 
and  setting  of  celestial  objects  is  easily  imderstood.  An  observer 
placed  at  any  point  upon  the  sur&ce  of  the  earth  is  carried  round 
the  axis  in  a  circle  in  twenty-four  hours,  so  that  every  side  of  the 
celestial  sphere  is  in  succession  exposed  to  his  view.  As  he  is 
carried  upon  the  side  opposite  to  that  in  which  the  son  is  placed,  he 
sees  the  starry  heavens  visible  in  the  absence  of  the  splendour  of 
that  luminary.  As  he  is  turned  gradually  towards  the  side  where  the 
son  is  placed,  its  light  begins  to  appear  in  the  firmament,  the  dawn 
of  morning  is  manifested,  and  the  globe  continuing  to  turn,  he  is 
brought  into  view  of  the  luminary  itself,  and  all  the  phenomena  of 
dawn,  morning,  and  sunrise  are  exhibited.  While  he  is  directed 
towards  the  side  of  the  firmament  in  which  the  sun  is  placed,  the 
other  bodies  of  inferior  lustre  are  lost  in  the  splendour  of  that  lumi- 
nary, and  all  the  phenomena  of  day  are  exhibited.  When  by  the 
continued  rotation  of  the  globe  the  observer  begins  to  be  turned 
away  from  the  direction  of  the  sun,  that  luminary  declines,  and  at 
length  disappears,  producing  all  the  phenomena  of  evening  and  sunset. 

Such,  in  general,  are  the  effects  which  would  attend  the  motion  • 
of  a  spectator  placed  upon  the  earth's  sur&ce,  and  carried  round 
with  it  by  its  motion  of  rotation.  He  is  the  spectator  of  a  gorgeous 
diorama  exhibited  on  a  vast  scale,  the  earth  which  forms  his  station 
being  the  revolving  stage  by  which  he  is  carried  round,  so  as  to 
view  in  succession  the  spectacle  which  surrounds  him. 

These  appearances  vary  with  the  position  assumed  by  the  observer 
on  this  revolving  stage,  or,  in  other  words,  upon  his  situation  on  the 
earth,  ss  will  presenuy  appear. 

2357.  T?ie  earth's  axis. — ^That  diameter  upon  which  it  is  neces- 
sary to  suppose  the  earth  to  revolve  in  order  to  explain  the  pheno- 
mena, is  that  which  passes  through  the  terrestrial  poles. 

2358.  The  terrestrial  equator,  poiesy  and  meridians.  —  If  the 
globe  of  the  earth  be  imagined  to  be  cut  by  a  plane  passing  through 
itB  centre  at  right  angles  to  its  axis,  such  a  plane  will  meet  the  sor- 
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faoe  in  a  drole,  which  will  divide  it  into  two  hemispheres,  at  the 
summits  of  which  the  poles  are  situate.     This  circle  b  called  the 

TERRESTRIAL  EQUATOR. 

That  hemisphere  which  includes  the  continent  of  Europe  is 
called  the  northern  hemisphebE|  and  the  pole  which  it  includes 
is  called  the  northern  terrestrial  pole  ;  the  other  hemisphere 
being  the  southern  hemisphere,  and  including  the  southern 
terrestrial  pole. 

If  the  surface  of  the  earth  be  imagined  to  be  intersected  by  planes 
passing  through  its  axis,  they  will  meet  the  surface  in  circles  which, 
passing  through  the  poles,  will  be  at  right  angles  to  the  equator. 
These  circles  are  called  terrestrial  MERiDiANSy  and  will  bo  seen 
delineated  on  any  ordinary  terrestrial  elobe. 

2359.  Latitude  and  longitude. — ^The  position  of  places  upon  the 
surface  of  the  earth  are  expressed  and  indicated  by  stating  their  dis- 
tance north  or  south  of  the  equator,  measured  upon  a  meridian  pass- 
ing through  them,  and  by  the  distance  of  such  meridian  east  or 
west  of  some  fixed  meridiim  arbitrarily  selected,  such  as  the  meri- 
dian passed  through  the  observatory  at  Greenwich.  The  former 
distance,  expressed  in  degrees,  minutes,  and  seconds,  is  called  the 
Latitude,  and  the  latter,  similarly  expressed,  the  Lonqitudb  of 
the  place. 

2360.  Fixed  meridians  —  tJiaae  of  Greenwich  and  Paris.  —  As 
no  natural  phenomenon  is  found  by  which  a  fixed  meridian  from 
which  longitude  is  measured  can  be  determined,  astronomers  and 
geographers  have  not  agreed  in  the  arbitrary  selection  of  one.  The 
meridians  of  the  Greenwich  and  Paris  observatories  have  been 
taken,  the  former  by  English  and  the  latter  by  French  authorities, 
as  the  starting-point.  To  reduce  the  longitudes  expressed  by  either 
to  the  other,  it  is  only  necessary  to  add  or  substract  the  angle  under 
the  meridians  of  the  two  observatories,  which  has  been  ascertained 
to  be  2^  2(K  22",  the  meridian  of  Paris  being  east  of  that  of  Green- 
wich. 

2361.  How  the  diwmal  phenomena  vary  with  the  latitude,  — 
Let  8  ^  N  Q,  Jig.  700,  represent  the  earth  suspended  in  space,  sur- 
rounded at  an  immeasurable  distance  by  the  stellar  universe.  The 
magnitude  of  the  earth  being  absolutely  insignificant  compared  with 
the  distances  of  the  stars,  the  aspect  of  £ese  wUl  be  the  same 
whether  they  are  viewed  from  any  point  on  its  surface,  or  from  its 
centre.  The  observer  may  therefore,  whatever  be  his  position  on 
the  earth,  be  considered  as  looking  firom  the  centre  of  the  oelesUal 
sphere. 

Let  us  suppose,  in  the  first  place,  the  observer  to  be  at  o,  a  point 
on  its  surface  between  the  equator  je  and  the  north  pole  n,  the  lad* 
tude  of  which  will  therefore  be  o  ^,  and  will  be  measured  by  the 
angle  oc is.    If  a  line  be  imagined  to  bo  drawn  from  the  centre  o 
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tiuoogli  the  place  o  of  the  ohfierver,  and  coDtiDned  upwards  to  the 
firmament^  it  will  arrive  at  the  point  z,  which  is  the  zenith  of  the 
obeenrer.  If  the  terrestrial  axis  s  N  be  imagined  to  be  continued  to 
the  firmament,  it  will  arrive  at  the  north  celestial  pole  n  and  the 
sooth  celestial  pole  «.  If  the  plane  of  the  terrestrial  equator  m  q 
be  supposed  to  be  continued  to  the  heavens,  it  will  intersect  the  sur- 
&ce  <^  the  celestial  sphere  at  the  celestial  equator  mq. 


Fig.  700. 

The  observer  placed  at  o  will  see  the  entire  hemisphere  hzh'  of 
which  his  zenith  z  is  the  summit;  and  the  other  hemisphere  hshf 
will  be  invisible  to  him,  being  in  fact  concealed  from  his  view  by 
the  earth  on  which  he  stands. 

It  is  evident  that  the  arc  of  the  heavens  z  n  between  his  zenith 
and  the  north  celestial  pole  consists  of  the  same  number  of  degrees 
•8  the  arc  0  N  of  the  terrestrial  meridian  between  his  place  of  ob- 
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servation  0  and  the  north  terrestrial  pole  N.  The  zenith  distance 
therefore  of  the  visible  pole  at  any  place  is  always  equal  to  the 
actual  distance  expressed  in  degrees  of  that  place  from  the  terres- 
trial pole,  and  as  this  distance  is  the  complement'^  of  the  lati- 
tude, it  follows  that  the  zenith  distance  of  the  visible  pole  is  the 
complement  of  the  latitude,  and  that  the  altitude  of  the  visible  pole 
is  equal  to  the  latitude  of  the  place. 

2362.  Method  of  finding  the  latitude  of  the  place.  — Th^  lati- 
tude of  the  place  of  observation  may  therefore  be  always  deter- 
mined if  the  altitude  of  the  celestial  pole  can  be  observed.  If 
there  were  any  star  situate  precisely  at  the  pole,  it  would  therefore 
be  sufficient  to  observe  its  altitude.  There  is,  however,  no  star 
exactly  at  the  pole,  although,  as  has  been  already  observed,  the 
POLE  STAR  is  very  near  it.  The  altitude  of  the  pole  is  found, 
therefore,  not  by  one,  but  by  two  observations.  The  pole  star,  or 
any  other  star  situate  near  ue  pole,  is  carried  round  it  in  a  circle  by 
the  apparent  diurnal  motion  of  the  sphere,  and  it  necessarily  crosses 
the  meridian  twice  in  each  revolution,  once  ahove^  and  once  hdoio 
the  pole.  Its  altitude  in  the  latter  position  is  the  lecLsty  and  in 
the  former  the  greatest  it  ever  has )  and  the  pole  itself  is  just  mid- 
way between  these  two  extreme  positions  of  this  circumpolar  star. 
To  find  the  actual  altitude  of  the  pole,  it  is  only  necessary  there- 
fore to  take  the  mean^  that  is,  half  the  mm  of  these  two  extreme 
altitudes.  By  making  the  same  observations  with  several  circum- 
polar stars,  and  taking  a  mean  of  the  whole,  still  greater  accuracy 
may  be  attained. 

2363.  Position  of  celestial  eauator  and  poles  varies  foith  the 
latitude.  —  Since  the  altitude  of  the  celestial  pole  is  everywhere 
equal  to  the  latitude  of  the  place,  and  since  the  position  of  the 
celestial  equator  and  its  parallels,  in  which  all  celestial  objects  ap- 
pear to  be  moved  by  the  diurnal  rotation,  varies  with  that  of  the 
pole,  it  is  evident  that  the  celestial  sphere  must  present  a  different 
appearance  to  the  observer  at  every  different  latitude.  In  proceed- 
ing towards  the  terrestrial  pole,  the  celestial  pole  will  gradually  ap- 
proach the  zenith,  until  we  arrive  at  the  terrestrial  pole,  when  it 
will  actually  coincide  with  that  point )  and  in  proceeding  towards 
the  terrestrial  equator,  the  celestial  pole  will  gradually  descend 
towards  the  horizon,  and  on  arriving  at  the  Line  it  will  be  actually 
on  the  horizon. 

2364.  Parallel  sphere  seen  at  the  poles.  —  At  the  poles,  therefore, 
the  celestial  pole  being  in  the  zenith,  the  celestial  equator  will 
coincide  with  the  horizon,  and  by  the  diurnal  motion  all  objects 
will  move  in  circles  parallel  to  the  horizon.     Every  object  will 

*  The  complement  of  an  angle  or  are  iB  that  number  of  degrees  by  which 
it  differs  from  90<>.    Thus  80°  degrees  is  the  complement  of  60<'. 
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therefore  preserve  dariDg  tweotji^foar  bonrs  the  same  altitude  and 
the  same  zenith  distance.  No  object  will  either  rise  or  set^  at  least 
00  &r  8s  the  diurnal  motion  is  concerned. 

This  aspect  of  the  firmament  is  called  a  parallel  bphebs,  the 
motion  being  parallel  to  the  horizon. 

2365.  Right  sphere  seen  at  the  equator. — At  the  terrestrial 
equator,  the  poles  being  upon  the  horizon^  the  axis  of  the  celestial 
sphere  yill  coincide  mth  a  line  drawn  upon  the  plane  of  the  horizon 
coDoectinff  the  north  and  south  points.  The  celestial  equator  and 
its  parallels  will  be  at  right  angles  to  the  plane  of  the  horizon;  and 
anoe  the  plane  of  the  horizon  passes  through  the  centre  of  all  the 
parallels,  it  will  divide  them  all  into  equal  somicircles. 

^  It  foUowSy  therefore;  that  all  objects  on  the  heavens  will  be  equal 
limes  above  and  below  the  horizon,  and  that  they  will  rise  and  set 
in  planes  perpendicular  to  the  horizon. 

Hiis  aspect  of  the  firmament  is  called  a  right  sphere,  the  diurnal 
motion  being  at  right  angles  to  the  horizon. 

2366.  Oblique  sphere  seen  at  intermediate  latitudee. — At  latitudes 
between  the  equator  and  the  pole,  the  celestial  pole  holds  a  place 
between  the  horizon  and  the  zenith  determined  by  the  latitude.  The 
eelestial  equator  se  q,  Jig.  700,  and  its  parallels,  are  inclined  to  tho 
plane  of  the  horizon  at  angles  equal  to  the  distance  of  the  pole  from 
the  aenith,  and  therefore  equal  to  the  complement  of  the  latitude. 
The  oentoes  of  all  parallels  to  the  celestial  equator  ceq  which  are 
between  it  and  the  visible  pole  are  above  the  plane  of  the  horizon, 
between  c  and  N,  and  the  centres  of  all  parallels  at  the  other  side 
of  the  equator  below  it  The  parallels,  such  zsVrn!  and  ?m,  will 
theiefue  be  all  divided  unequally  by  the  plane  of  the  horizon,  the 
viaible  part  V  X  being  greater  than  the  invisible  part  m'  /  for  the 
former,  and  the  invisible  part  mr  greater  than  the  visible  part  Ir 
ior  the  latter. 

It  follows,  therefore,  that  all  objects  between  the  celestial  equator 
9q  and  the  visible  pole  n  will  be  longer  above  than  below  the 
horiaon,  and  all  objects  on  the  other  side  of  the  equator  will  be  longer 
below  the  horizon  than  above  it. 

A  parallel  V  A^  to  the  celestial  equator,  whose  distance  from  the 
wble  pole  is  equal  to  the  ktitude,  will  be  entirely  above  the  horizon, 
jnat  touching  it  at  the  point  under  the  visible  pole ;  and  a  oorre- 
Eponding  panllel  A  ^,  at  an  equal  distance  from  the  invisible  pole, 
will  be  entirely  below  the  horizon,  just  touching  it  at  the  point  above 
the  inrisible  pole. 

All  pandlels  nearer  to  the  visible  pole  than  K1(f  will  be  entirely 
above  tiie  horizon,  and  all  parallels  nearer  to  the  invisible  pole  than 
^^  will  be  entirely  below  it. 

Hence  it  is  that,  in  European  latitudes,  stars  within  a  certain  lim- 
ited di^anee  of  the  north  or  visible  celestial  pole  never  set,  and  stars 
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at  a  corresponding  distance  from  the  sonth  or  invisible  celcaUal  pole 
never  rise. 

The  observer  can  only  see  these  by  going  to  places  of  observation 
having  lower  latitudes. 

This  aspect  of  the  firmament  is  called  an  OBLIQUE  SPHERE,  the 
diurnal  motion  being  oblique  to  the  horizon. 

2367.  Ohjccts  in  cdcsfuil  equator  equal  times  above  and  hclow 
horizon.  —  Whether  the  sphere  be  right  or  oblique,  the  centre  of 
the  celestial  equator  being  on  the  plane  of  the  horizon,  one  half  of 
that  circle  will  be  below,  and  the  other  half  above  the  horizon. 
Every  object  upon  it  will  therefore  be  equal  times  above  and  below 
the  horizon,  rising  and  setting  exactly  at  the  east  and  west  points. 

In  the  parallel  sphere,  the  celestial  equator  coinciding  with  the 
horizon,  an  object  upon  it  will  be  carried  round  the  horizon  by  the 
diurnal  rotation,  without  either  rising  or  setting.* 

2368.  Method  of  determining  the  longitude  of  places.  —  This 
perfect  uniformity  of  the  earth's  rotation,  inferred  from  the  observed 
uniformity  of  the  apparent  rotation  of  the  firmament,  is  the  basis  of 
all  methods  of  determining  the  longitude.  The  longitude  of  a  place 
will  be  determined  if  the  angle  under  the  meridian  of  the  place,  and 
that  of  any  other  place  whose  longitude  is  known,  can  be  found. 
But  since,  by  the  uniform  rotation  of  the  globe,  the  meridians  of  all 
places  upon  it  are  brought  in  regular  succession  under  every  part  of 
the  firmament,  the  moments  at  which  the  two  meridians  pass  under 
the  same  star,  or,  what  is  the  same,  the  moments  at  which  the  same 
star  is  seen  to  pass  over  the  two  meridians,  being  observed,  the 
interval  will  bear  the  same  ratio  to  the  entire  time  of  the  earth's 
rotation  as  the  difference  of  the  longitudes  of  the  two  places  bears 
to  360°. 

To  make  this  more  clear,  let  us  take  the  case  of  two  places  p  and 
f^jfff'  701,  upon  the  equator.  If  c  be  the  centre  of  the  earth,  the 
angle  pop'  will  be  the  difference  between  the  longitudes.  Now, 
let  the  time  be  observed  at  each  place  at  which  any  particular  star 
8  is  seen  upon  the  meridian.  If  the  motion  of  the  earth  be  in  the 
direction  of  the  arrow,  the  meridian  of  p  will  come  to  the  star  before 
the  meridian  of  p'.  This  necessarily  supposes  p  to  be  east  of  p^, 
since  the  earth  revolves  from  west  to  east.  Let  the  true  interval 
of  time  between  the  passage  of  s  over  the  two  meridians  be  t,  let  t 
be  the  time  of  one  complete  revolution  of  the  globe  on  its  axis,  and 

*  The  teacher  will  find  it  advantageous  to  exercise  the  student  in  the 
subject  of  the  preceding  paragraphs,  aided  bj  an  armillary  sphere,  or,  if 
that  be  not  acccs«slble,  by  a  celestial  globe,  which  will  serve  nearly  as  well. 
Many  questions  will  suggest  themselves,  arising  out  of  and  deducible  from 
what  has  been  explained  above,  with  respect  to  the  various  altitudes  of  the 
sphere  in  different  latitudes. 
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>^  let  L  be  the  difference  of  the  longitudes,  or 
'  the  angle  vot^;  we  shall  then  have 

t  IT  Ills:  860**, 
L=-X360*'. 

T 

Bat  in  the  practical  solution  of  this  problem 
a  difficulty  is  presented  which  has  conferred 
historical  celebrity  upon  the  question,  and 
caused  it  to  be  referred  to  as  the  type  of  all 
difficult  enquiries.  It  is  supposed,  in  what 
has  just  been  explained;  that  means  are  pro- 
vided at  the  two  places  p  and  p'  by  which 
the  absolute  moments  of  the  transit  of  the 
star  over  the  respective  meridians  may  be 
ascertained,  so  as  to  give  the  exact  interval 
Kg.  TOl.  between  them.     If  these  moments  be  ob- 

served by  any  form  of  chronometer,  it  would 
then  be  necessary  that  the  two  chronometers  should  be  in  exact 
acoordance,  or,  what  is  the  same,  that  their  exact  difference  may  be 
known.  If  a  chronometer,  set  correctiy  by  another  which  is  sta- 
tknuoy  at  one  place  P,  be  transported  to  the  other  place  p',  this 
object  will  be  attained,  subject,  however,  to  the  error  which  may  be 
mcidental  to  the  rate  of  the  chronometer  thus  transported.  If  the 
distances  between  the  places  be  not  considerable,  the  chronometers 
may  thus  be  bronght  into  very  exact  accordance;  but  when  the 
distsmce  is  great^  and  that  a  long  interval  must  elapse  during  the 
transport  of  the  chronometer,  this  expedient  is  subject  to  errors  too 
considerable  to  be  tolerated  in  the  solution  of  a  problem  of  such 
capital  importance. 

It  win  be  apparent  that  the  real  object  to  be  attained  is,  to  find 
gome  phenomenon  sufficiently  instantaneous  in  its  manifestation  to 
maik,  with  all  the  necessary  precision,  a  certain  moment  of  time. 
8och  a  phenomenon  would  be,  for  example,  the  sudden  extinction 
of  a  conspicuous  light  seen  at  once  at  both  places.  The  moment  of 
Boch  a  phenomenon  being  observed  by  means  of  two  chronometers 
at  the  places,  the  difference  of  the  times  indicated  by  them  would 
be  known,  and  they  would  then  serve  for  the  determination  of  the 
diffennoe  of  the  longitudes  by  the  method  explained  above.  Several 
phenomena,  both  terrestrial  and  celestial,  have  accordingly  been  used 
fcr  this  purpose.  Among  the  former  may  be  mention^  the  sudden 
extinction  of  the  oxyhydrogen  or  electric  light,  the  explosion  of  a 
rocket^  &c ;  among  the  latter,  the  extinction  of  a  star  by  the  disc 
of  the  moon  passing  over  it,  and  the  eclipse  of  the  satellites  of  cer- 
tain phuiets,  phenomena  which  will  be  more  fully  noticed  hereafter, 
in.  12 
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9.  LwMLT  method  of  finding  the  longitude,  — The  cbangc  of 
position  of  the  moon  with  relation  to  the  sun  and  stare  being  vcrj 
npid,  affords  another  phenomenon  which  has  been  found  of  great 
utility  in  the  determination  of  the  longitude,  especiallj  for  the  par- 
poses  of  marinere.  Tables  are  calculated  in  which  the  moon's  ap- 
parent distances  from  the  sun^  and  many  of  the  most  conspicuous 
fixed  stare,  are  given  for  short  intervals  of  time,  and  the  exact  times 
at  Greenwich  when  the  moon  has  these  distances  are  given.  If  thea 
the  mariner,  observing  with  proper  instruments  the  position  of  the 
moon  with  relation  to  these  objects,  compares  his  observed  distances 
with  the  tables  which  are  supplied  to  him  in  the  Nautical  Almanack, 
he  will  find  the  time  at  Greenwich  corresponding  to  the  moment  of 
his  observation )  and  being  always,  by  the  ordinaiy  methods,  able 
to  determine  by  observation  the  local  time  at  the  place  of  his  obser- 
vation, the  difference  gives  him  the  time  required  for  a  star  to  pass 
from  the  meridian  of  Greenwich  to  the  meridian  of  the  place  of  his 
observation,  or  vice  versd;  and  this  time  gives  the  longitude,  as 
already  explained. 
This  last  is  known  as  the  Lunar  method  of  determininq  ths 

LONGITUDE. 

In  practice,  many  details  are  necessary,  and  various  calculations 
must  be  made,  which  cannot  be  explained  here. 

2370.  Method  hy  electric  telegraph.  —  When  two  places  are  con- 
nected by  a  line  of  electric  telegraph,  their  difference  of  longitude 
can  be  easilv  and  exactly  determined,  inasmuch  as  instantaneous 
signals  can  be  transmitted,  by  which  the  local  clocks  can  be  com- 
pared and  regulated,  and,  if  it  be  so  desired,  kept  in  exact  accord- 
ance. 

2871.  Parallels  of  latitude.  —  A  series  c^  points  on  the  earth 
which  are  at  equal  distances  from  the  equator,  or  which  have  the 
same  latitude,  form  a  circle  parallel  to  the  equator,  called  a  pa&ai«- 

LEL  OF  LATITUDE. 

Thus  all  places  which  have  the  same  latitude  are  on  the  same  par- 
allel. 

All  places  which  are  on  the  same  meridian  have  the  same  longi- 
tude. 


^A^\'«^S>%/%/VWSI^ 


CHAP.  V. 

SPHEROIDAL  FORM,   MASS,   AND  DENSITY  OF  THE  EARTH. 

2372.  Progreu  of  physical  investigation  approximative.  —  It  is 
the  condition  of  man,  and  probably  pf  all  other  finite  intelligences, 
to  arrive  at  the  possession  of  knowledge  by  the  slow  and  laborious 
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prooesB  of  a  sort  of  system  of  trial  and  error.  The  first  oonolnnons 
to  vhich,  in  physical  inquiries,  obserration  oondncts  ns,  are  never 
better  than  yery  rough  approximations  to  the  truth.  These  being 
sabmitted  to  subsequent  comparison  with  the  originals,  undergo  a 
firBt  series  ot  ooneotions,  the  more  prominent  and  coospicuous  d^ 
partares  from  conformity  being  removed.  A  second  approximation, 
but  still  only  an  approximation,  is  thus  obtained ;  and  another  and 
still  more  severe  comparison  with  the  phenomena  under  investiga- 
tion is  made,  and  another  order  of  corrections  is  effected,  and  a 
closer  approximation  obtained.  Nor  does  this  progressive  approach 
to  perfect  exaotitude  appear  to  have  any  limit  The  best  results  of 
our  intellectual  labours  are  still  only  close  resemblances  to  truth, 
liie  absolute  perfection  of  which  is  probably  reserved  for  a  higher 
intellectual  state. 

The  labours  of  the  physical  inquirer  resemble  those  of  the 
seolptor,  whose  first  efforts  produce  from  the  block  of  marble  a 
rode  and  uncouth  resemblance  of  the  human  form,  which  only 
approaches  the  grace  and  beauty  of  nature  by  comparing  it  inces- 
santly and  inde&tigably  with  the  original;  detaching  from  it  first 
the  grosser  and  rougher  protuberances,  and  subsequently  reducing 
its  parts  by  the  nicer  and  more  delicate  touches  of  the  chisel  to  near 
conformi^  with  the  model. 

It  would,  however,  be  a  great  mistake  to  depreciate  on  this  ao- 
cocnt  the  results  of  our  first  efforts  in  the  acquisition  of  a  knowledge 
of  the  laws  of  nature.  If  the  first  conclusions  at  which  we  arrive 
are  erroneous,  they  are  not  therefore  the  less  necessary  to  the  ulti- 
mate attainment  of  more  exact  knowledge.  They  prove,  on  the 
contrary,  not  only  to  be  powerful  agents  in  the  discovery  of  those 
corrections  to  which  they  are  themselves  to  be  submitted,  but  to  be 
quite  indispensable  to  our  progress  in  the  work  of  investigation  and 
discovery. 

These  observations  will  be  illustrated  by  the  prooess  of  instruction 
and  disGOveiy  in  every  department  of  physical  science,  but  in  none 
so  frequently  and  so  forcibly  as  in  that  which  now  occupies  us. 

2373.  Figure  of  the  ecerth  an  example  of  this.  — The  first  con- 
dodons  at  which  we  have  arrived  respecting  the  form  of  the  earth 
is  that  it  is  a  globe ;  and  with  respect  to  its  motion  is,  that  it  is  in 
uniform  rotation  round  one  of  its  diameters,  making  one  complete 
reYolution  in  twenty-four  hours  sidereal  time,  or  23>^  56°^*  4  09"- 
common  or  civil  time. 

2374.  Globular  figure  incompatible  with  rotation, — The  first 
question,  then,  which  presents  itself  is,  whether  this  form  and  rota- 
tion are  compatible  ?  It  is  not  difficult  to  show,  by  the  most  simple 
principles  of  physics,  that  they  are  not ;  that  with  such  a  form  such 
a  rotation  could  not  be  maintained,  and  that  with  such  a  rotation 
Boch  a  fonn  eould  not  permanently  eontinue.    And  if  this  can  be 
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certainly  established,  it  will  be  neoessary  to  reiaraoe  cmr  steps,  to 
submit  our  former  conclusions  to  more  rigorous  comparison  with  the 
objects  and  phenomena  from  which  they  were  derived,  and  ascertain 
which  of  them  is  inexact,  and  what  is  the  modification  and  oorrectioii 
to  which  it  must  be  submitted  in  order  to  be  brought  into  harmony 
with  the  other. 

2375.  Rotation  cannot  he  modified — mppowd  form  may. — 
The  conclusion  that  the  earth  revolves  on  its  axis  with  a  motioa 
corresponding  to  the  apparent  rotation  of  the  firmament,  is  one  which 
admits  of  no  modification,  and  most  from  its  nature  be  either  abso- 
lutely admitted  or  absolutely  rejected.  The  globular  form  imputed 
to  the  earth,  however,  has  been  inferred  from  observations  of  a 
general  nature,  unattended  by  any  conditions  of  exact  measurement^ 
and  which  would  be  equally  compatible  with  innumerable  forms, 
departing   to  a  veiy  considerable  and   measurable  extent  from 

that  of  an  exact  geometrical  sphere 
or  globe. 

2376.  Ebw  rotation  would  affect 
the  superficial  gravity  on  a  globe. — 
Let  N  Q8y  fig,  702,  represent  a  seo- 
tion  of  a  globe  supposed  to  hare  a 
motion  of  rotation  round  the  diameter 
N  s  as  an  axis.  Every  point  on  its 
surface,  such  as  P  or  l^,  will  revolve 
in  a  circle,  the  centre  of  which  o  or  </ 
will  be  upon  the  axis,  and  the  radios 
o  p  or  </ }/  will  gradually  decrease  in 
Fig.  702.  approaching  the  poles  N  and  s,  where 

no  motion  takes  place,  and  will  gra- 
dually increase  in  approaching  the  equator  Q  0  Q,  where  the  circle 
of  rotation  will  be  the  equator  itself. 

A  body  placed  at  any  part  of  the  surface,  such  as  p,  being  thns 
carried  round  in  a  circle,  will  be  afieoted  by  a  centrifugal  force,  the 
intensity  of  which  will  be  expressed  by  (314) 

c  =  1-226  X  E  X  N*  X  W, 

where  B=Po,  the  radius  of  the  circle,  N  the  fraction  of  a  revolution 
made  in  one  second,  and  w  the  weight  of  the  body,  and  the  direc- 
tion of  which  is  P  c. 

This  centrifugal  force  being  expressed  by  pc  is  equivalent  (170) 
to  two  forces  expressed  in  intensity  and  direction  by  Pm  ana  pn. 
The  component  p  m  is  directly  opposed  to  the  weight  w  of  the  body, 
which  acts  in  the  line  p  o  directed  to  the  centre,  and  has  the  effect 
of  diminishing  it.  The  component  P  n  being  directed  towards  the 
equator  Q,  has  a  tendency  to  cause  the  body  to  move  towards  the 
equator;  and  the  body,  if  free,  would  necessarily  so  move. 
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Now  it  will  be  eTidAnt)  by  the  mere  inspection  of  the  diagram, 
tbai  the  nearer  the  point  p  is  to  the  equator  q,  the  more  directly 
will  the  centrifugal  force  p  c  be  opposed  to  the  weight,  and  conse- 
<pently  the  greater  will  be  that  component  of  it,  pm^  which  will 
hafe  the  e£Eect  of  diminishing  the  weight. 

Bat  this  diminution  of  the  weight  is  further  augmented  by  the 
hiereaae  of  the  actual  intensity  of  the  centrifugal  force  itself  in  ap- 
proaehisg  the  equator.  By  the  above  formula,  it  appears  that  the 
intensity  of  the  centrifugal  force  must  increase  in  proportion  as  the 
EuiiuB  R  or  Po  increases.  Now  it  is  apparent  that  po  increases 
jradnally  in  going  from  p  to  Q,  since  p^  o'  is  greater,  and  qo  greater 
still  ^an  p  o ;  and  that,  on  the  other  hand,  it  decreases  in  going  from 
p  to  N  or  By  wbere  it  becomes  nothing. 

Thus  ^e  effect  of  the  centrifugal  force  in  diminishing  weight 
being  nothing  at  the  pole  n  or  s,  gradually  increases  in  approaching 
the  equator  ;^r<<,  because  its  absolute  intensity  gradually  increases; 
and  scoondfy,  because  it  is  more  and  more  directly  opposed  to  gravity 
■ntil  we  arrive  at  the  equator  itself,  where  its  intensity  is  greatest, 
and  where  it  is  directly  opposed  to  gravity. 

The  effects,  therefore,  produced  by  the  rotation  of  a  globe,  such 
as  the  earth  has  been  assumed  to  be,  are  — 1°.  The  decrease  of  the 
weights  of  bodies  upon  its  surface,  in  going  from  the  pole  to  the 
equator;  and  2^.  A  tendency  of  all  such  bodies  as  are  free  to 
more  from  higher  latitudes  in  either  hemisphere  towards  the  equator. 

2377.  Amount  of  the  diminution  of  weigJu  produced  at  the 
tqwUor  by  centri/ugcU  force,  —  This  quantity  may  be  easily  com- 
puted by  means  of  the  formula 

0  =  1-226  X  R  X  n'  X  W. 

Taking  the  radius  of  the  equator  in  round  numbers  (which  are  suf- 
ficient for  this  purpose)  at  4000  miles,  and  reducing  it  to  feet,  and 
reducing  the  time  of  rotation  23^'  dG""'  4*09'*  to  seconds,  we  shall 
have 

R  =  21,120,000,         N=j  ^ 
sabstituting  these  numbers  we  have 

c  =  1,226  X  21,120,000  x  p±g^x  w; 
•nd  exeeating  the  arithmetioal  opentions  here  indicated,  we  find 

0  =  1-^  xw. 

The  centrifugal  force  would  therefore  be  the  287th  part  of  the 
weight,  and  as  it  is  directly  opposed  to  gravity,  the  weight  woold 
in  thia  entire  loss. 

12* 
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2378.  Loss  of  weight  at  other  latit/udes.  —  The  oentrifugal  foree 
at  any  latitude  p  would  be  less  than  at  Q  in  the  ratio  of  o  Q  to  o  p. 
But  the  part  of  this  P  m  whioh  is  directly  opposed  to  the  weight  is 
less  than  the  whole  P  c,  in  the  ratio  of  P  c  to  P  m,  or,  what  u  the 
same,  of  P  o  or  o  Q  to  P  o.  If  then  o'  express  the  whole  centri- 
fugal force  at  p,  and  o"  that  part  of  it  whioh  is  directly  opposed  to 
gravity^  we  shall  have 

287      OQ*  OQ      287      \)Q^ 

po 
The  number  which  expresses  —  is  that  which  is  called  in  Tri- 
gonometry the  cosine  of  the  arc  P  Q,  that  is^  the  cosine  of  the  lati- 
tude.    Therefore  we  have 

^  "287  ^  ^°^''  ^*' 
The  loss  of  weight,  therefore,  which  would  be  sustained  by  reason 
of  the  centrifu^  force  at  any  proposed  latitude,  would  be  a  frac- 
tion of  the  whole  weighty  found  by  dividing  the  square  of  the  ooBine 
of  latitude  by  287. 

2379.  Effect  of  centrifugal  force  on  the  geographiojl  condition 
of  the  surfojce  of  the  globe,  —  In  what  precedes,  we  have  only  con- 
sidered the  effect  of  that  one,  p  m,  of  the  two  components  of  the 
centrifugal  force  which  is  opposed  to  the  weight.  It  remains  to 
examine  the  effect  of  the  other,  p  n,  which  is  directed  towards  the 
equator. 

If  the  surface  of  the  globe  were  composed  altogether  of  solid 
matter,  of  such  coherence  as  to  resist  reparation  by  the  agency  of 
this  force,  no  other  effect  would  take  place  except  a  tendency 
towards  the  equator,  which  would  be  neutralized  by  cohesion.  But 
if  the  surface  or  any  parts  of  it  were  fluid,  whether  liquid  or  gas- 
eous, such  parts,  in  virtue  of  their  mobility,  would  yield  to  the 
impulse  of  the  element  pn  of  the  centrifugal  force,  and  would 
flow  towards  the  equator.  The  waters  of  the  surface  would  thus 
flow  from  the  higher  latitudes  in  either  hemisphere,  and  accumu- 
lating round  the  equator,  the  sur&ce  of  the  globe  would  be  resolved 
into  two  great  polar  continents,  separated  by  a  vast  equatorial 
ocean. 

2380.  Such  effects  not  existing^  the  earth  cannot  he  an  exa^ct 
globe.  —  But  such  is  not  the  actual  geographical  condition  of  the 
surface  of  the  globe.  On  the  contrary,  although  about  two-thirds 
of  it  are  covered  with  water,  no  tendency  of  that  fluid  to  accumu- 
late more  about  the  equator  than  elsewhere  is  manifested.  Land 
and  water,  if  not  indifferently  distributed  over  the  surface,  are  cer- 
tainly not  apportioned  so  as  to  indicate  any  tendency  such  as  that 
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tbove  deioribed.  If,  therefore,  the  rotation  of  the  earUi  be  admit- 
ted, it  follows  that  its  figure  must  be  such  as  to  counteract  the  ten- 
deacj  of  fluid  matter  to  flow  towards  any  one  part  of  the  surface 
nther  than  anj  other.  In  short,  its  figure  must  be  such  that 
gcavitj  itself  shall  counteract  that  element  Pn  of  the  centrifugal 
fioroe  which  lends  to  move  a  body  from  the  higher  latitudes  of  either 
hemisphere  towards  the  equator. 

2381.  The  figure  must  therefore  he  9ome  sort  of  oblate  spheroid. 
—  Now  this  condition  would  be  fulfilled,  if  the  earth,  instead  of 
bdng  an  exact  sphere,  were  an  oblate  spheroid,  having  a  certain 
definite  eUipticity,  —  that  is,  a  figure  which  would  be  produced  by 
an  ellipse  reyolving  round  its  shorter  axis.  Such  a  figure  would  re- 
semble an  orange  or  a  turnip.  It  would  be  more  conyez  at  the 
ei{iiasor  than  at  the  poles.  A  globe  composed  of  elastic  materials 
woold  be  reduced  to  such  a  figure  by  pressing  its  poles  together,  so 
as  to  flatten  more  or  less  the  surface  of  these  points,  and  produce  a  pro- 
tuberance around  the  equator.  The  meri- 
dians of  such  a  globe  would  be  ellipses, 
having  its  axis  as  their  lesser  axis,  and 
the  diameters  of  the  equator  as  their 
greater  axes. 

The  form  of  the  meridian  would  be 
such  as  is  represented  in  fig,  703,  N  B 
being  the  axis  of  rotation,  and  JE  Q  the 
^^  *  '•  equatorial  diameter. 

2382.  Its  ettiptxcity  mutt  depend  on  gravity  and  centrifugal 
force,  —  The  protuberance  around  the  equator  may  be  more  or  less, 
•ccoiding  to  the  eUipticity  of  the  spheroid ;  but  since  the  distribu- 
tion of  land  and  water  is  indifferent  on  the  surface,  having  no  preva- 
knee  about  the  equator  rather  than  about  the  poles,  or  vice  versAy 
it  u  evident  that  the  degree  of  protuberance  must  be  that  which 
eoanteracta,  and  no  more  than  counteracts,  the  tendency  of  the 
fluids,  in  virtue. of  the  centrifugal  force,  to  flow  towards  the  equator. 
This  protuberance  may  be  considered  as  equivalent  in  its  effects  to 
an  acclivity  of  regulated  inclination,  rising  from  each  pole  towards 
the  equator.     To  arrive  at  the  equator,  the  fluid  must  ascend  this 
acclivity,  to  which  ascent  gravity  opposes  itself,  with  a  force  de- 
peoding  on  its  steepness,  which  increases  with  the  magnitude  of  the 
protuberance,  or,  what  is  the  same,  with  the  eUipticity  of  the  sphe- 
roid.   If  the  eUipticity  be  less  than  is  necessary  to  counteract  the 
effect  of  the  centrifugal  force,  the  fluid  will  stiU  flow  to  the  equator, 
and  the  earth  would  consist,  as  before,  of  a  great  equatorial  ocean 
sepaiating  two  vast  polar  continents.     If  the  eUipticity  were  greater 
than  is  necessary  to  counteract  the  effect  of  the  centrifugal  force, 
tben  gravity  would  prevail  over  the  centrifugal  force,  and  the  waters 
voald  flow  down  the  acclivities  of   tho  excessive    protuberance 
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tawards  the  poles,  and  the  earth  woald  consist  of  a  Tast  equatarisl 
continent  separating  two  polar  oceans. 

Since  the  geographical  condition  of  the  surface  of  the  earth  ia  not 
consistent  with  cither  of  these  consequences,  it  is  evident  that  its 
figure  must  be  an  oblate  spheroid,  haying  an  ellipticitj  exactly  cor- 
responding to  the  yariation  of  gravity  upon  its  surface,  due  to  the 
combined  effect  of  the  attraction  exerted  by  its  constituent  parts 
upon  bodies  placed  on  its  surface,  and  the  centrifugal  force  arising 
finom  its  diurnal  rotation. 

It  remains,  therefore,  to  determine  what  this  particular  degree  of 
ellipticity  is,  or,  what  is  the  same,  to  determine  by  what  fraction  of 
its  whole  length  the  equatorial  diameter  jbq  exceeds  the  polar 
axis  Ns. 

2883.  Elltpticiiy  may  he  calculated  and  meatured,  and  the  r^ 
9ult8  compared, — ^The  degree  of  elliptioil^  of  the  terrestrial  spheroid 
may  be  found  by  theory,  or  ascertained  by  observation  and  measure- 
ment, or  by  both  these  methods,  in  which  case  the  accordance  or 
discrepancy  of  the  results  will  either  prove  the  validity  of  the 
reasoning  on  which  the  theoretical  calculation  is  founded,  or  indicate 
the  conditions  or  data  in  such  reasoning  which  must  be  modified. 

Both  these  methods  have  accordingly  been  adopted,  and  their  re- 
sults are  found  to  be  in  complete  harmony. 

2884.  Ellipticity  calculated, — The  several  quantities  which  are 
involved  in  this  problem  are : — 

1.  The  time  of  rotation  =  B. 

2.  The  fraction  of  its  whole  length  by  which  the  equatorial  ex- 

ceeds the  polar  diameter  =  e. 
8.  The  fraction  of  its  whole  weight  by  which  the  weight  of  a 
body  at  the  pole  exceeds  the  weight  of  the  same  body  at 
the  equator  =  to. 

4.  The  mean  density  of  the  earth. 

5.  The  law  according  to  which  the  density  of  the  strata  varies  in 

proceeding  from  the  surface  to  the  centre. 

AH  these  quantities  have  such  a  mutual  dependence,  that  when 
some  of  them  are  given  or  known,  the  others  may  be  found. 

In  whatever  way  the  solution  of  the  problem  may  be  approached, 
it  is  evident  that  the  form  of  the  spheroid  must  be  the  same  as  it 
would  be  if  the  entire  mass  of  the  earth  were  fluid.  If  this  were 
not  80,  the  parts  actually  fluid  would  not  be  found,  as  they  are  al- 
ways, in  local  equilibrium.  The  state  of  relative  density  of  the 
strata  proceeding  from  the  surface  to  the  centre  is,  however,  not  so 
evident  Newton  investigated  the  question  by  ascertaining  the  form 
which  the  earth  would  assume  if  it  consisted  of  fluid  matter  of  uni- 
form density  from  the  surface  to  the  centre ;  and  the  result  of  his 
analysis  was  that,  in  that  case,  assuming  the  time  of  rotation  to  be 
what  it  is,  the  equatorial  diameter  must  exceed  the  polar  by  the 
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23(Hh  part  of  its  whole  length,  and  gnYity  at  the  pole  most  exceed 
graTity  at  the  equator  hy  the  same  fixMstion  of  its  entire  force. 

As  physical  science  progressed,  and  mathematical  analysis  was 
hroughfc  to  a  greater  state  of  perfection,  the  same  prohlem  was  in- 
Testigaied  by  Clairanlt  and  several  other  mathematicians,  nnder  more 
rigonws  eonditions.  The  uniform  density  of  the  constitoents  of 
the  earth — *  highly  improhahle  supposition — ^was  put  asidci  and  it 
was  assamed  that  the  suooessiTe  strata  from  the  centre  to  the  sur&oe 
ioereased  in  density  acooiding  to  some  undetermined  conditions.  It 
vas  asBomied  that  the  mutual  attraction  of  all  the  constituent  parts 
upon  any  one  part^  and  the  effect  of  the  centrifugal  force  arising 
firom  the  rotation,  are  in  equilibrium ;  so  that  every  particle  com- 
peeing  the  epheroid,  firom  its  centre  to  its  surfiftce,  is  in  reposci  and 
would  remain  so  were  it  firee  to  move. 

By  a  complicated  and  very  abstruse,  but  perfectly  clear  and  certain 
mathematical  analysis,  it  has  been  jvoved  that  the  quantities  above 
mentioned  have  tiie  following  relation.  Let  r  express  a  certain 
munber^  the  amount  of  which  will  vary  with  B.    We  shall  then  have 

6  -f  w  =  r. 
Now  it  has  been  shown  that  when  B  =  23^  56°^-  4*09'-,  the  number 
r  will  be  ,^  so  that  in  effect 

This  result  was  shown  to  be  true,  whatever  may  be  the  law  ao- 
c(»ding  to  which  the  density  of  the  strata  varies. 

It  further  results  from  these  theoretical  researches  that  the  mean 
density  of  the  entire  terrestrial  spheroid  is  about  twice  the  mean 
density  of  its  superficial  crust 

It  follows  from  this  that  the  density  of  its  central  parts  must 
greatly  exceed  twice  the  density  of  its  crust. 

It  remains,  therefore,  to  see  how  far  these  results  of  theory  are  in 
aoeordance  with  those  of  actual  observation  and  measurement. 

2385.  EUyptidty  of  terrestrial  spheroid  hy  observation  and  meO' 
amrement.—lf  a  terrestrial  meridian  were  an  exact  circle,  as  it  would 
neceGsarily  be  if  the  earth  were  an  exact  globe,  every  part  of  it 
would  have  the  same  curvature.  But  if  it  were  an  ellipse,  of  which 
the  polar  diameter  is  the  lesser  axis,  it  would  have  a  varying  curva- 
ture, the  convexity  being  greatest  at  the  equator,  and  least  at  the 
poles.  If,  then,  it  can  be  ascertained  by  observation,  that  the 
cmraftare  of  a  meridian  is  not  uniform,  but  that  on  the  contrary  it 
increases  in  going  towards  the  Line,  and  diminishes  in  gomg  towuds 
the  poles,  we  shall  obtain  a  proof  that  its  form  is  that  of  an  oblate 
^heroid. 

To  comprehend  the  method  of  ascertaining  this,  it  must  be  con- 
adoed  that  the  curvature  of  circles  diminishes  as  their  diameters 


14S  ASTBONOKT. 

are  angmeated.  It  is  evident  tbat  a  circle  of  one  foot  in  diameter 
has  a  less  degree  of  curvatare;  and  is  less  convex  than  a  circle  one 
inch  in  diameter.  But  an  arc  of  a  circle  of  a  given  angular  magni- 
tude, such  for  example  as  1°,  has  a  length  proportional  to  the  diame- 
ter. Thus,  an  arc  of  1^  of  a  circle  a  foot  in  diameter,  is  twelve 
times  the  length  of  an  arc  of  1°  of  a  circle  an  inch  in  diameter. 
The  curvature,  therefore,  increases  as  the  length  of  an  arc  of  1° 
diminishes. 

If,  therefore,  a  degree  of  the  meridian  be  observed,  and  measured, 
by  the  [Hrooess  alre<dy  explained  (2317),  at  different  latitudes,  and 
it  is  found  that  its  length  is  not  uniformly  the  eame  as  it  would  be 
if  the  meridian  were  a  circle,  but  that  it  m  less  in  approaching  the 
equator,  and  greater  in  approaching  the  pole,  it  will  follow  that  the 
convexity  or  curvature  increases  towards  the  equator,  and  diminishes 
towards  the  poles ;  and  that  consequently  the  meridian  has  the  form, 
not  of  a  circle,  but  of  an  ellipse,  the  lesser  axis  of  which  is  the  polar 
diameter. 

Such  observations  have  accordingly  been  made,  and  the  lengths 
of  a  degree  in  various  latitudes,  from  the  Line  to  66°  N.  and  to  35° 
S.,  have  been  measured,  and  found  to  vary  from  363,000  feet  on  the 
Line  to  367,000  feet  at  lat.  66°. 

From  a  comparison  of  such  measurements,  it  has  been  ascertained 
that  the  equatorial  diameter  of  the  spheroid  exceeds  the  polar  by 
,  J^th  of  its  length.     Thus  (2384) 

300 

2886.  Variation  of  gravity  by  observation,  —  The  manner  in 
which  the  variation  of  the  intensity  of  superficial  gravity  at  different 
latitudes  is  ascertained  by  means  of  the  pendulum,  has  been  already 
explained  (552).  From  a  comparison  of  these  observations  it  has 
been  inferred  that  the  effective  weight  of  a  body  at  the  pole  exceeds 
its  weight  at  the  equator  by  about  the  T^^th  *  part  of  the  whole 
weight. 

2387.  Accordance  of  these  results  vnth  theory,  — By  comparing 
these  results  with  those  obtained  by  Newton,  on  the  supposition  of 
the  uniform  density  of  the  earth,  a  discrepancy  will  be  found  suffi 
cient  to  prove  the  falsehood  of  that  supposition.  The  value  of  e 
found  by  Newton  is  ^j^^,  its  actual  value  being  7)^,  and  that  of  w 
y^^  its  actual  value  being  j^;,. 

On  the  other  hand,  the  accordance  of  these  results  of  observation 
and  measurement  with  the  more  rigorous  conclusions  of  later  re- 
searches is  complete  and  striking. 

*  Different  values  are  assigned  to  this —  Sir  John  Herschel  prefers  ^\^, 
the  Astronomer  Boyal  yf^.  We  have  taken  a  mean  between  tbeee 
eitiiintm 
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H  in  the  relalion  between  e  and  w^  explained  inr  (2884), 

'+"=115' 
we  snbetitate  for  to  the  valae  j^yf,  obtained  by  observation,  we  find 

_J 1^_JL^ 

^""116     187  ""300* 
which  is  the  value  of  e  obtained  bj  computation  foonded  on  mea- 
suement. 

2388.  DtmtntUum  of  wetght  due  to  eUipticU^.  —  It  has  been 
already  shown  (2B7T)  that  the  loss  of  weight  at  the  equator  due  to 
the  oentrifagal  force  is  the  287th  of  the  entire  weight  From  what 
has  been  stated  (2386),  it  appears  that  the  actual  loes  of  weight  at 
the  ei{aator  is  greater  than  this,  being  the  187th  part  of  the  entire 
wei^L     The  difference  in  these  is 

J 11 

187  287  ■"  537' 
It  appears,  therefore,  that  while  the  287th  part  of  the  weight  is 
balaooed  by  the  centrifugal  force,  the  actual  attraction  exerted  by 
the  earUi  upon  a  body  at  the  equator  is  less  than  at  the  pole  by  the 
537th^  part  of  the  whole  weight.  This  difference  is  due  to  the 
elliptieal  form  of  the  meridian,  by  which  the  distance  of  the  body 
from  the  centre  of  the  earth  is  augmented. 

2389.  Actual  linear  dimennons  of  the  terrestrial  spJieroid,  —  It 
ii  not  enough  to  know  the  proportions  of  the  earth.  It  is  required 
to  defermine  the  actual  dimensions  of  the  spheroid.  The  following 
ire  the  lengths  of  the  polar  and  equatorial  diameters,  according  to 
the  eompntations  of  the  most  eminent  and  recent  authorities : — 


■fmatoriml  diameUr. 

AbMlotc  diflbmioe 

llrriM  of  tbt  eqvfttorial  cspraned  in  a  firacCkm  of) 
its  enUre  length.. J 


MilM. 

78991U 

7925-604 

26-471 

1 


Afry. 


MilM. 

78W170 
7025-648 
26-478 
1 

299-aao 


The  doee  coincidence  of  these  results  supplies  a  striking  example  of 
the  precision  to  which  such  calculations  have  been  brought 

The  departure  of  the  terrestrial  spheroid  from  the  form  of  an 
exact  ^obe  is  so  inconsiderable  that,  if  an  exact  model  of  it  turned 
in  ivory  were  placed  before  us,  we  could  not,  either  by  sight  or 
touch,  distinguish  it  from  a  perfect  billiard  ball.     A  figure  of  a  me> 

*  According  to  Henchel,  the  590th  part 
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ridiaD  accurately  drawn  on  paper  conld  only  be  distingnisbed  from 
a  circle  by  tbe  most  precise  measurement  If  the  major  axis  of 
such  an  ellipse  were  equal  in  length  to  the  page  now  under  the  eye 
of  the  reader,  the  lesser  axb  would  fall  short  of  the  same  length  leas 
than  the  fortieth  of  an  inch. 

2390.  Dimensions  of  the  spheroiddl  eqwUorial  excess,  —  If  a 
sphere  n  ^  s  $  be  imagined  to  be  inscribed  within  the  terrestrial  sphe- 
roid haying  the  polar  axis  n  b,  Ji{^. 
704,  for  its  diameter,  a  spheroidal 
shell  will  be  included  between  its 
surface  and  that  of  the  spheroid 
composed  of  the  protuberant  matter, 
having  a  thickness  Q  <;f  of  13  miles 
at  the  ecjuator,  and  becoming  gra- 
dually thinner  in  proceeding  to  the 
poles,  where  its  thickness  vanishes. 
This  shell,  which  constitutes  the 

Fig.  704.  equatorial  excess  of  the  spheroid, 

and  which,  as  will  hereaher  ap- 
pear, has  a  density  of  not  more  than  half  the  mean  density  of  the 
earth,  the  bulk  of  which,  moreover,  would  be  imperceptible  upon  a 
mere  inspection  of  the  spheroid,  is  nevertheless  attended  with  most 
important  effects^  and  by  its  gravitation  is  the  origin  of  most  striking 
phenomena,  not  only  in  relation  to  the  moon,  but  also  to  the  fai 
more  distant  mass  of  the  sun. 

2391.  Density  and  mass  of  the  earth  by  observation,  —  The 
magnitude  of  the  earth,  being  known  with  great  precision,  the  de- 
termination of  its  mass  and  that  of  its  mean  density  become  one  and 
the  same  problem,  since  the  comparison  of  its  mass  with  its  magni- 
tude will  give  its  mean  density,  and  the  comparison  of  its  mean 
density  with  its  magnitude  will  give  its  mass. 

The  methods  of  ascertaining  the  mass  or  actual  quantity  of  matter 
contained  in  the  earth,  are  all  based  upon  a  comparison  of  the  gra- 
vitating force  or  attraction  which  the  earth  exerts  upon  an  object 
with  the  attraction  which  some  other  body,  whose  mass  is  exactly 
known,  exerts  on  the  same  object.  It  is  assumed,  as  a  postulate  or 
axiom  in  physics,  that  two  masses  of  matter  which  at  equal  distances 
exert  equal  attractions  on  the  same  body,  must  be  equal.  But  as  it 
is  not  always  possible  to  bring  the  attracting  and  attracted  bodies  to 
equal  distances,  their  attractions  at  unequal  distances  may  be  ob- 
served, and  the  attractions  which  they  would  exert  at  equal  distances 
may  thence  be  inferred  by  the  general  law  of  gravitation,  by  which 
the  attraction  exerted  by  the  same  body  increases  as  the  square  of 
the  distance  from  it  is  diminished. 

Thus,  if  £  be  the  mass  of  the  earth,  A  the  attraction  it  exerts  at 
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Ae  d&tence  b  from  its  centre  of  gnmty,  and  ▲'  the  «ttaelto&  it 
exertB  at  any  otiker  distaaoe  i/,  we  tAve — 

A:a'::i/':d'j 
aadOerefivs 

!>• 
A'  =  AXj^ 

If  a  be  the  attraction  which  any  mass  m  of  known  quantity  ex- 
erts at  the  distance  i/  upon  the  same  body  npon  which  the  earth 
exerte  the  attraction  a!,  we  shall  have — 

x:m::A':a; 
laitherefixe 

^  A'  AD* 

o  a      Jp 

Vj  therefore,  the  mass  m^  the  ratio  of  the  attractions  A  and  a,  and 
the  ratio  of  the  distances  D  and  i/,  be  respectively  known,  the  mass 
1  of  the  earth  can  be  computed. 

2392.  Dr.  Maakd^fn^M  mhuion  hy  the  attraction  of  Schehallim. 
— This  celebrated  problem  consisted  in  determining  the  ratio  of  the 
mean  denai^  of  a  moontaio  called  Schehallien,  in  Perthshire,  to  that 
of  the  earthy  by  ascertaining  the  amount  oi  the  deviation  of  a 
plumb-line  from  the  direction  of  the  true  vertical  produced  by  the 
toeal  attraction  of  the  mountain. 

To  render  this  method  practicable,  it  is  necessary  that  the  moun- 
tain selected  be  a  solitary  one,  standing  on  an  extensive  plain,  since 
otberwiae  the  deviation  of  the  plunib-line  would  be  affected  by 
Dnghbonring  eminences  to  an  extent  which  it  might  not  be  possible 
to  estimate  with  the  necessary  precision.  No  eminence  sufficiently 
eoDsiderable  exists  near  enough  to  SchehaUien  to  produce  such  diih 
tarbance. 

The  moantain  ranging  east  and  west,  two  stations  were  selected 
oa  its  northern  and  southern  acclivities,  so  as  to  be  in  the  same  me- 
ridian, or  very  nearly  so.  A  plumb-line,  attached  to  an  instrument 
called  a  zenith  sector,  adapted  to  measure  with  extreme  accuracy 
small  lenith  distances,  was  brought  to  each  of  these  stations,  and 
the  distance  of  the  same  star,  seen  upon  the  meridian  from  the  di- 
reetkma  of  the  j^umb-line,  were  observed  at  both  places. 

The  difference  between  those  distances  gave  the  angle  under  the 
two  directionB  of  the  plumb-line.  This  wiU  be  more  clearly  under- 
stood by  reference  to  fy.  705,  where  p  and  F^  represent  the  points 
of  suspension  of  the  two  plnmb-lines.  If  the  mountain  were  re- 
moved, they  would  hang  in  the  direction  P  o  and  p^  o  of  the  earth's 
centre,  and  their  directions  would  be  inclined  at  the  angle  pop'. 
But  the  attraction  exerted  by  the  interjacent  mass  produces  on  each 
aide  a  ali^t  deflection  towards  die  mountaiui  so  that  the  two  direo- 
m.  18 
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(aons  of  the  plumb-line,  instead  of  converging  to  the  centre  of  the 
earth  c,  converge  to  a  point  c  nearer  to  the  sorfaoe,  and  form  with 
each  other  an  angle  pcf  greater  than  pop^  by  the  Bum  of  the  two 
deflections  o  p  c  and  o  p^  c 


■" 


Pig.  705. 

Now  by  means  of  the  zenith  sector  the  distances  s  z  and  s  z'  of 
the  points  z  and  z'  from  any  star  such  as  8,  can  be  observed  with  a 
precision  so  extreme  as  not  to  be  subject  to  a  greater  error  than  a 
small  fraction  of  a  second.     The  difference  of  these  distances  will  be — 

SZ'  —  BZ  =  Z7ff 

the  apparent  distance  between  the  two  points  z  and  2f  on  the 
heavens  to  which  the  plumb-line  points  at  the  two  stations.  This 
distance  expressed  in  seconds  gives  the  magnitude  of  the  angle  p  c  p^ 
formed  by  the  directions  of  the  plumb-line  at  the  two  stations 
which  is  the  sum  of  the  deflection  produced  by  the  local  attraction 
of  the  mountain. 

If  the  mountain  were  not  present^  ihe  angle  P  o  p^  could  be  as- 
certained by  the  senith  seetor;  but  as  the  indications  of  that  instm- 
ment  have  reference  to  the  direction  of  the  plumb-line,  it  is  ren- 
dered inapplicable  in  consequence  of  the  disturbing  effect  of  the 
mountain. 
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To  determine  the  magnitude  of  the  angle  pcp^,  therefore,  the 
direct  distance  between  the  stations  P  and  p'  is  ascertained  bj 
making  a  survey  of  the  mountain,  which,  as  will  presently  appear, 
b  also  Deeessary,  in  order  to  determine  its  exact  volume.  For 
ereiy  haodred  feet  in  the  distance  between  p  and  p'  there  will  be 
Tin  the  angle  PCP^  (2Z19).  Finding,  therefore,  the  direct  dis- 
tance between  p  and  P^  in  feet,  and  dividing  it  by  100,  we  shall 
haie  die  angle  P  c  p^  in  secondiS. 

In  the  ease  of  the  experiment  of  Dr.  Maakelyne,  which  was  made 
IB  1774,  the  angle  pcf  was  found  to  be.41",  and  the  angle  Pc  p^ 
SS''.    The  sum  of  the  two  deflections  was  therefore  12^'. 

The  survey  of  the  mountain  supplied  the  data  necessary  to  deter- 
■loe  its  aetaal  volame  in  cubic  miles,  or  fraction  of  a  cubic  mile. 
An  daborate  examination  of  its  stratification,  by  means  of  sections, 
boringi,  and  the  other  usual  methods,  supplied  the  data  necessary 
to  determine  the  weights  of  its  component  parts,  and  thence  the 
weight  of  its  entire  volume ;  and  the  comparison  d  this  weight  with 
its  Tolome  gave  its  mean  density. 

If  tiie  mean  densily  of  the  earth  were  equal  to  that  of  the  moun-i 
tun,  the  entire  weight  of  the  earth  would  be  greater  than  that  of 
the  nunmtain,  in  exactly  the  same  proportion  as  the  entire  volume 
of  the  earth  exceeds  that  of  the  mountain ;  and  these  volumes  being 
bown,  the  weight  B  of  the  earth  on  that  supposition  was  computed, 
and  by  Ae  formula  given  in  (2891),  or  others  based  upon  the  same 

pcineiples,  the  ratio  -  of  the  attraction  of  the  earth  to  that  of  the 

momtiin  was  computed,  and  thence  the  sum  of  the  deflections  which 
the  moontain  would  produce  was  found,  which  instead  of  12''  was 
iboot  24".  It  followed,  therefore,  that  the  density  of  the  earth  must 
be  doable,  or,  more  exactly,  eighteen-tenths  of  that  of  the  moun* 
tun,  in  Older  to  reduce  the  deflections  to  half  their  computed  amount 

The  mean  density  of  the  mountain  havine  been  ascertained  to  be 
aboat  2i  times  that  of  water,  it  followed,  Sierefore,  that  the  mean 
density  of  the  earth  is  about  five  times  that  of  water. 

2393.  Cavendish's  solution. — At  a  later  period  Cavendish  made 
the  experiment  which  bears  his  name,  in  which  the  attraction  exerted 
by  the  earth  upon  a  body  on  its  surface  was  compared  with  the  at- 
traction exerted  by  a  larse  metallic  ball  on  the  same  body ;  and  this 
experiment  was  repeated  still  more  recently  by  Dr.  Eeich,  and  by  ' 
the  late  Mr.  Francis  Bailv,  as  the  active  member  of  a  committee  of 
the  Boyal  Astronomical  Society  of  London.  All  these  several  ex- 
perimenters proceeded  by  methods  which  differed  only  in  some  of 
their  practical  details,  and  in  the  conditions  and  precautions  adopted 
to  obtain  more  accurate  results. 

In  the  apparatus  used  by  Mr.  Baily,  the  latest  of  them,  the  at- 
tncting  bodies  with  which  the  globe  of  the  earth  was  compared 
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were  two  balk  of  lead;  eicli  a  foot  id  diameter.  The  bodies  upon 
which  their  attmction  was  manifested  were  small  balls,  aboat  two 
inches  in  diameter.  The  former  were  supported  on  the  ends  of  an 
oblong  horizontal  stage,  capable  of  being  turned  round  a  vertical 
axis  supporting  the  st^  at  a  point  midway  between  them.  J^t  Jig. 
706  represent  a  plan  of  the  appartftns.   The  large  metallio  balls  B  and 


\ 


Fig.  roe. 

tt  are  supported  upon  a  rectangular  stage  renresented  by  die  dotted 
linea,  and  so  mounted  as  to  be  capable  of  beinff  turned  round  its 
centre  c  in  its  own  plane.  Two  small  balls  a,  <r,  about  two  inches 
in  diameter,  are  attached  to  the  ends  of  a  rod,  so  that  the  distance 
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between  their  centres  shall  be  nearly  equal  to  B  b'.  Thk  rod  is  sup- 
ported at  c  by  two  fine  wires  at  a  very  small  distance  asunder,  so 
that  the  balls  will  be  in  repose  when  the  rod  a  a'  is  directed  in  the 
plane  of  the  wires,  and  can  only  be  tnmed  from  that  plane  by  the 
udoa  of  a  small  and  definite  force,  the  intensity  of  which  can  always 
be  ascertained  by  the  angle  of  deflection  of  the  rod  a<;^»  The  exact 
direetion  ti  the  rod  a  c/  is  obeerred,  without  approaching  the  appa- 
ntofl,  by  means  of  two  small  telescopes  T  and  t',  and  the  extent  of 
its  departure  from  its  position  of  equilibrium  may  be  measured  with 
jRat  predsion  by  micrometers. 

In  the  performance  of  the  experiment  a  multitude  of  precautions 
were  taken  to  remove  or  obviate  various  causes  of  disturbance,  such 
aa  eonents  of  air,  which  might  arise  from  unequal  change  of  tem- 
pentme  which  need  not  be  described  here. 

The  krge  balls  being  first  placed  at  a  distance  from  the  small 
ooe^  the  direction  of  the  rod  in  its  position  of  equilibrium  was  ob- 
Krred  fnth  the  telescopes  to/.  The  stage  supporting  the  large 
haUa  was  then  tamed  until  they  were  brought  near  the  small  ones, 
as  fepresenfced  at  b  b'.  It  was  then  observed  that  the  small  balk 
were  attracted  by  the  large  ones,  and  the  amount  of  the  deflection 
tf  the  rod  aa'  was  observed. 

The  firame  supporting  the  large  balls  was  then  turned  until  b  was 
bnnght  to  5,  and  b'  to  ^,  so  as  to  attract  the  small  balls  on  the 
<Aher  aide,  and  the  deflection  of  a  a!  was  again  observed.  In  each 
cue  the  amount  of  the  deflection  being  exactly  ascertained,  the  in- 
teoaity  of  the  deflecting  force,  and  its  ratio  to  the  weight  of  the 
balls,  became  known. 

The  properties  of  the  pendulum  supplied  a  very  simple  and  exact 
means  of  comparing  the  attraction  of  the  balls  B  and  b'  with  the 
attraction  of  the  earth.  The  balls  a  a'  were  made  to  vibrate  through 
t  amall  arc  on  each  side  of  the  position  which  the  attraction  gave 
them,  and  the  rate  of  their  vibration  was  observed  and  compared 
with  the  rate  of  vibration  of  a  common  pendulum.  The  relative  in- 
tensity of  the  two  attractions  was  computed  from  a  comparison  of 
these  rates  by  the  principles  established  in  (542).  The  precision  of 
which  this  process  dT  observation  is  susceptible  may  be  inferred 
from  the  &ct  that  the  whole  attraction  of  uie  balls  b  b'  upon  a  a' 
^  not  amount  to  the  20-millionth  part  of  the  weight  of  Uie  balls 
a  a',  and  that  the  possible  error  of  the  result  did  not  exceed  2  per ' 
<xdL  of  its  whole  amount. 

The  attraction  which  the  balls  B  v^  would  exert  on  a  a',  on  the 
sappodtion  that  the  mean  density  of  the  earth  is  equal  to  that  of 
the  metallic  balls  b  b',  was  then  computed  on  the  principles  ex- 
plabed  in  (2381),  and  found  to  be  less  than  the  actual  attraction 
obaerved,  and  it  was  inferred  that  the  density  of  the  earth  was  leaa 
^  that  rf  the  balls  B  b'  in  the  same  ratio. 

18* 
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Ill  fine,  It  resulted  that  the  meiati  density  of  the  earth  is  6-67 
times  the  density  of  water. 

The  accordance  of  this  result  with  those  of  the  Schehallien  ex- 
pcrimenty  and  the  calonlations  upon  the  figure  of  the  terrestrial 
spheroid,  supply  a  stiikhrg  proof  of  the  truth  of  the  theory  of 

Cvitation  on  which  all  these  three  independent  intestigationB  are 
ed|  and  of  the  validity  of  the  reasoning  tpon  which  they  haTe 
been  conducted. 

2394.  Volume  and  vfeiffht  of  Ae  earA.  —  Havfaig  ascertained 
the  linear  dimensions  and  the  meftn  density  of  the  earth,  it  is  a 
question  of  mere  arithmetical  labour  to  compute  its  voteme  tad  its 
weight  Taking  Uie  dimensions  of  the  globe  as  already  stated^  its 
Tolmne  contains 

259,800  inillions  of  cubic  miles. 

882,425,600,000  billions  of  cubic  feet. 

The  average  weight  of  each  cubic  foot  of  the  earth  heimt  5*67 

times  the  w  Jght  of  a  cubic  foot  of  water,  is  354-375  lbs.,  or  01587 

of  a  ton.    It  follows,  therefore,  that  the  total  weight  of  the  earth  is 

6,069,094,272  billions  of  tons. 


CHAP.  VL 
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2395.  knowledge  of  the  instruments  of  observation  necessary,  — 
Having  explained  the  dimensions,  rotation,  weight,  and  dennty  of 
the  earth,  and  described  generally  the  aspect  of  the  firmament  and 
fixed  lines  and  points  upon  it,  by  which  the  relative  position  and 
motions  of  celestial  objects  are  defined,  it  will  be  necessary,  before 
proceeding  to  a  further  exposition  of  tibe  astronomical  phenomena, 
to  explain  the  principal  instruments  with  which  an  observatory  is 
furnished,  and  to  show  the  manner  in  which  they  are  applied,  so  as 
to  obtain  those  accurate  data  which  supply  the  basis  of  tiiose  ckica- 
lations  from  which  has  resulted  our  knowledge  of  the  great  laws  of 
the  universe.  We  shall  therefore  here  explain  the  form  and  use  of 
sach  of  the  instruments  of  an  observatory  as  are  indispensably  ne^ 
oessary  for  the  observations  by  which  such  data  are  supplied. 

2396.  The  astronomicod  dock,  —  Since  the  immediate  objects  of 
all  astronomical  observation  are  motions  and  magnitudes,  and  sinc^ 
motions  are  measured  by  the  comparison  of  space  and  time,  one  of 
the  most  important  instruments  of  observation  is  the  time-piece  oi 
chronometer,  which  is  constructed  in  various  forms,  according  to  th< 
oiroomstanoes  under  which  it  is  uised  and  the  degree  of  accuracj 
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BMeotfj  to  be  obtuned.    In  a  gtelioiuiTy  obflerratory^  a  pendalam 
ekttk  m  the  form  adopted. 

Ti»  late  of  the  astroDomical  clock  i?  so  regalated  thai,  if  any  of 
tbe  liui  be  obeerred  which  are  upon  the  celestial  meridian  at  the 
Boneat  tt  which  the  hands  point  to  0^  0*-  0**,  they  will  again  point 
to  0^  0^  (h  when  t!ie  same  stare  are  next  deen  on  the  meridian. 
Tbe  mteryal,  whidi  is  called  a  sidereal  day^  is  divided  into  twenty- 
four  eqoal  partly  called  sidereal  HOtJRS.  The  honr-hand  moves 
over  one  pnncipal  division  of  its  dial  in  this  interval.  In  like  man- 
ner the  MINUTE  and  becokd-hakdi^  move  on  divided  circles,  each 
Boring  over  the  successive  divisions  in  the  intervals  of  a  minute 
aod  a  second  respectively.- 

The  pendulum  is  the  original  and  only  real  measure  of  time  in 
this  msfaument  The  hands,  the  dials  on  which  they  play,  and  the 
neehanism  which  regulates  and  proportions  their  movements,  are 
ndj  expedients  for  registering  the  number  of  vibrations  which  the 
peiMhiliim  has  made  in  the  interval  which  elapses  between  any  two 
phenomena.  Apart  from  this  convenience,  a  mere  pendulum  un- 
eoaneeted  with  wheel-work  or  any  other  mechanism,  the  vibrations 
of  vhich  would  be  counted  and  recorded  by  an  observer  stationed 
oeu  it,  would  equally  serve  as  a  measure  of  time. 

And  this,  in  fact,  is  the  method  actually  used  in  all  exact  astro- 
iKunical  observations.  The  e^e  of  the  observer  is  occupied  in 
nidiing  the  progress  of  the  object  moving  over  the  wires  (2302) 
io  the  field  of  view  of  the  telescope.  His  ear  is  occupied  in  noting, 
ind  hia  mind  in  counting  the  successive  beats  of  the  pendulum, 
which  in  all  astronomical  clocks  is  so  constructed  as  to  produce  a 
raifieiently  loud  and  distinct  sound,  marking  the  close  of  each  suo- 
cesdre  second.  The  practised  observer  is  enabled  with  considerable 
pRdsion  in  this  way  to  subdivide  a  second,  and  determine  the  mo- 
nent  of  the  occurrence  of  a  phenomenon  within  a  small  fraction  of 
that  interval.  A  star,  for  example,  is  seen  to  the  left  of  the  wire 
m  m'  at  g,fy,  707,  at  one  beat  of  the  pendu- 
'  lum,  and  to  the  ri^t  of  it  at  <^  with  the  next. 

The  observer  estimates  with  great  precision  the 
proportion  in  which  the  wire  divides  the  dis- 
tance between  the  points  a  and  /,  and  can 
therefore  determine  the  faction  of  a  second 
after  being  at  a,  at  which  it  was  upon  the 
wire  mm'. 

Although  the  art  of  constructiDg  chrono- 
Fig.  707.  meters  has  attained  a  surprising  degree  of  per- 

fection, it  b  not  perfect,  and  the  rats  of  even 
^  belt  of  such  instruments  is  not  absolutely  uniform.  It  is  there- 
^  ueeeasary  from  time  to  time  to  check  the  indications  of  the 
d<M^  by  observing  its  rate.    If  the  clock  were  absolutely  perfect, 
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the  pendolum  would  perform  exactly  24  X  60  x  60  =  86,400  vi- 
br&tioos  in  the  interval  between  two  successive  returns  of  the  same 
star  to  the  meridian.  Now  a  good  astronomical  dock  will  never 
make  so  many  as  86|401  nor  so  few  as  86^399  vibrations  in  the  in- 
terval. In  the  one  case  its  rate  would  be  too  fast,  and  in  the  other 
too  slow  by  1  in  86,400.  Even  with  such  an  erroneous  rate  the 
error  thrown  upon  an  observation  of  one  hour  would  not  exceed  the 
24th  part  of  a  second.  If,  however,  the  rate  be  observed,  even 
this  error  may  be  allowed  for,  and  no  other  will  remain  save  the 
remote  possibility  of  a  change  of  rate  since  the  rate  was  last  ascer- 
tained. 

2397.  The  transit  instrument — All  the  most  important  astro- 
nomical observations  are  made  at  the  moment  when  the  objects 
observed  are  upon  the  celestial  meridian,  and  in  a  very  extensive 
class  of  such  observations  the  sole  purpose  of  the  observer  is  to 
determine  with  precision  the  time  when  the  object  is  brought  to  the 
meridian  by  the  apparent  diurnal  motion  of  the  firmament 


Fig.  70S. 

This  phenomenon  of  passing  the  meridian  is  called  the  transit; 
and  an  instrument  mounted  in  such  a  manner  as  to  enable  an  ob- 
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r,  soppfied  wiUi  a  cloek^  to  afloertain  the  exact  time  of  the 
TSAHaEFy  IS  called  a  transit  instbumxnt. 

Soeh  aa  instnunent  consists  of  a  telescope  so  mounted  that  the 
line  of  coUimation  will  be  saooessively  directed  to  every  point  of 
the  celeatud  meridian  when  the  telescope  is  moved  upon  its  axis 
throng  ISC'. 

Tfas  18  acoomplished  by  attaching  the  telescope  to  an  axis  at  right 
an|^  to  its  line  of  collimationy  and  pkoing  the  extremities  of  snch 
axis  on  two  horizontal  supports,  which  are  exactly  at  the  same  level, 
and  in  a  line  directed  east  and  west  The  line  dT  collimation  when 
horisontal  will  therefore  be  directed  north  and  south ;  and  if  the 
telescope  be  tamed  on  its  axis  through  180^,  its  line  of  collimation 
win  move  in  the  plane  of  the  meridian,  and  will  be  successively 
directed  to  all  points  on  the  celestial  meridian  from  the  north  to  the 
pole,  thence  to  the  aenith,  and  thence  to  the  south. 

Tlie  instrument  thus  mounted  is  represented  in^.  708.  Two 
stone  piers  are  erected  on  a  solid  foundation  standing  east  and  west 
In  the  top  of  each  of  them  is  inserted  a  metallic  support  in  the 
form  of  a  T  to  receive  the  cylindrical  extremities  of  the  transverse 
anna  A  B  of  the  instrument  The  tube  of  the  telescope  OD  con- 
BBts  of  two  equal  parts  inserted  in  a  central  globe,  forming  part  of 
the  tnmaversal  axis  A  B.  Thus  mounted,  the  telescope  can  he  made 
to  lendve  Hke  a  wheel  upon  the  axis  A  B,  and  while  it  Ihus  revolves 
its  line  ai  collimation  would  be  directed  successively  to  all  the 
points  of  a  vertical  circle,  the  plane  of  which  is  at  right  angles  tb 
the  axis  ab.  If  the  axis  be  exactly  directed  east  and  west^  this 
vertieal  must  be  the  meridian. 

2398.  i2s  adjutimenU, — ^This,  however,  supposes  three  conditions 
to  he  fialiiUed  with  absolute  precision : 

P.  The  axis  AB  must  be  level. 

2^.  The  line  of  collimation  most  be  perpendicdar  to  it 

3^  It  most  be  directed  due  east  and  west 

Li  the  ori^faial  oonstmotioh  and  mounting  of  the  instrdment  these 
thrae  conditions  are  kept  m  view,  and  are  nearly,  bnt  cannot  be 
ezaetly,  folfilled  in  the  first  mstance.  In  all  astronomical  instni- 
meats  the  conditions  which  they  are  required  to  fiiffil  are  only  to- 
pwmmatad  to  in  the  making  and  mountings  but  a  daks  of  expedi- 
eota  esJIed  abjitstmbnts  are  in  all  oases  pn>vided,  by  which  each 
of  the  recjuisite  conditions,  only  nearfy  aitadned  at  first^  are  fulfilled 
widi  infinitely  greater  precision. 

Li  aU  snoh  adjustments  two  provisions  an  necessary :  jfli^  )a 

■ethod  of  detecting  and  measuing  the  deviation  from  the  exact 

fclfihaent  of  the  reqniute  condidon  ^  and  9eea*idiyf  an  expedient  by 

wldeh  sodi  deviation  can  be  corrected. 

2899.  To  make  the  axU  levd, — If  the  axis  ab  be  not  tml^ 
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level,  its  deviation  from  this  direction  may  be  ascertained  bj  bus- 
pending  npon  it  a  spirit  level. 

^  This  consists  of  a  glass  tube  nearly  filled  with  alcohol  or  ether, 
liquids  selected  for  the  purpose,  in  consequence  of  the  absence  of 
all  viscidity,  their  perfect  mobility,  and  because  they  are  not  liable 
to  congelation.     The  tube  aB;^^.  709,  is  formed  slightly  convex. 


n^' 
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Fig.  700. 

and  when  it  is  placed  horiiontally  with  its  convexity  upwards,  the 
buhble  a  h  produced  by  its  deficient  fulness  will  take  the  highest  po- 
sition, and  therefore  rest  at  the  centre  of  its  length.  Marks  are 
engraved  on  or  attached  to  the  tube  at  a  and  h  indicating  the  centre 
of  its  length.  The  tube  is  attached  to  a  straight  bar  oi>,  or  so 
mounted  as  to  be  capable  of  being  suspended  from  two  points  (f  d', 
and  is  so  adjusted  that  when  the  lower  surface  of  the  bar  o  D,  or  the 
line  joining  the  two  points  of  suspension  (/ 1/,  is  exactly  level,  the 
bubble  will  rest  exactly  in  the  centre  of  the  tnb«  between  the  marks 
a  and  h. 

To  ascertain  whether  a  surface,  or  the  line  joining  two  proposed 
points,  be  level,  the  instrument  is  applied  upon  the  one,  or  sus- 
pended from  the  other.  If  the  bubble  rest  between  the  marks  a 
and  6,  they  are  level;  if  not,  that  direction  towards  which  it  devi- 
ates is  the  more  elevated,  and  it  must  be  lowered,  or  the  other  raised. 
The  operation  must  be  repeated  until  the  bubble  is  found  to  rest  be- 
tween the  central  marks  a  and  5,  whichever  way  the  level  be  placed 

A  level  is  provided  for  the  transit  instrument  with  two  loops  of 
aospension  oorrespondii^  with  the  cylindrical  extremities  of  the  axii 
A  B,  fy.  708,  so  that  its  points  of  suspension  may  rest  on  thes 

Slindm.  If  it  be  foand  that,  when  the  level  is  properly  suspendec 
QB  upon  the  axis,  the  bubble  rests  nearer  to  one  extremity  thai 
the  other,  it  will  be  necessary  to  raise  that  end  from  which  it  h 
more  remote,  or  to  lower  that  to  which  it  is  nearer. 

To  accomplish  this,  one  of  the  supports  in  which  the  exiiemi^ 
A  of  the  axis  rests  is  oonstruoted  so  as  to  be  moved  throogh  a  smal 
spaoe  vertically  by  a  finely  constructed  screw.  This  support  i 
therefore  raised  or  lowered  by  such  means,  until  the  bubble  of  th< 
level  rests  between  the  central  marks  a  and  b,  whichever  way  th4 
level  be  suspended. 
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2400.  Ih  mdheAeUne  of  coBtmatum perpendictdar  to  tKe  aocii. 
^It  must  be  remembered,  that  the  line  oi  collimation  is  a  line 
^wn  firom  the  oentre  of  the  object-glass  to  the  intereeotioQ  of  the 
niddk  wires  in  the  field  of  view  of  the  telescope.  The  centre  of 
the  object-gbttB  is  fixed  lelatiyelj  to  the  telescope,  but  the  wires  are 
flo  movnted  that  the  position  of  their  intersection  can  be  moved 
tboa^  a  certain  smidl  space  by  means  of  a  micrometer  screw. 
One  ^  of  the  line  of  collimation,  therefore,  being  moveable,  while 
the  other  is  fixed,  its  direction  may  be  changed  at  pleasure  within 
IbaitB  determined  by  the  construction  of  the  eye-glass  and  its  mi- 
ctooefeer. 

To  asoertab  whether  the  line  of  collimation  is  or  is  not  at  rieht 
aagles  to  the  line  joining  the  points  of  support  A  and  'B^Jig.  708, 
let  toy  distant  point  be  observed  upon  which  the  intersection  of  the 
vires  Ms.  Let  the  instrument  be  then  reversed  upon  its  supports, 
ihe  eod  of  the  axis  which  rested  on  a  being  transferred  to  h,  and 
thit  whidi  rested  on  &  to  a,  and  let  the  same  object  be  observed. 
If  it  still  ooinctde  with  the  intersection  of  the  wires,  the  line  of 
eoUimation  is  in  the  proper  direction ;  but  if  not,  its  distance  from 
the  interseotbn  of  the  wires  will  be  twice  the  deviation  of  the  line 
cf  ooUiiiiation  from  the  perpendicular,  and  the  wires  must  be  moved 
hr  the  adjusting  screw,  until  the  intersection  is  moved  towards  the 
<»J6ct  through  half  of  its  apparent  distance  from  it 
To  render  tiiis  more  dear;  let  a  b,  fig,  710,  represent  the  direction 
of  the  axis,  o  D  that  of  a  line  exactly 
at  right  angles  to  it,  or  the  direction 
which  is  to  be  siven  to  the  line  of 
collimation,  and  let  o  i/  represent  the 
.  erroneous  direction  which  that  line 

/  actually  has.    Let  s  be  a  distant  ob- 

•  ject  to  which  it  is  observed  to  be  di- 

/  reoted,  this  object  bein^  seen  upon 

/  the  intersection  of  the  wires.    If  the 

f  instrument  be  reversed,  the  line  o  i/ 

D*'  will  have  the  direction  o  d",  deviating 

as  much  from  o  D  to  the  right  as  it 
before  deviated  to  the  left.  The 
object  s  will  now  be  seen  at  a  distance 
to  the  left  of  the  intersection  of  the 

X' y  B      wires  which  measures  the  angle  l/o  d", 

which  is  twice  the  angle  dci/,  or 

Fig.  no.  the  deviation  of  the  line  of  collimation 

from  the  perpendicular  d  o. 

2401.  To  render  ike  direcHcn  of  the  mpports  due  east  and  west, — 

This  18  in  some  cases  accomplished  by  a  meridian  mabk,  which  is 

t  distinct  object;  such  as  a  white  vertical  line  painted  on  a  black 
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ground,  erected  at  a  sufficient  distance  ficom  the  iDatrameiit  in  tbe 
exact  meridian  of  the  observatoiy.  If;  on  directing  the  teleaoope  to 
it,  it  is  seen  on  the  one  side  or  the  other  of  the  middle  wire  ^which 
ought  to  coincide  with  the  meridian),  the  direction  of  the  axis  ab, 
fig,  710,  will  deviate  to  the  same  extent  from  the  true  east  and 
west,  since  it  has  been  already,  by  the  previous  adjustments,  ren- 
dered perpendicular  to  the  line  of  collimation.  The  entire  instrument 
must  therefore  be  shifted  round,  until  the  meridian  mark  ooinddes 
with  the  middle  wire.  This  is  accomplished  by  a  provision  made 
in  the  support  on  which  the  extremity  of  the  axis  B,^^.  708,  rests, 
by  which  it  has  a  certain  play  in  the  horizontal  direction  urged  by 
a  fine  screw.  In  this  way  the  axis  ab  is  brought  into  the  true  di- 
rection east  and  west,  and  therefore  the  line  of  collimation  into  the 
true  meridian. 

It  will  be  observed  that,  in  explaining  the  second  adjustment,  it 
has  been  assumed  that  the  deviations  are  not  so  great  as  to  throw 
the  object  s  out  of  the  field  of  view  after  the  instrument  is  reversed. 
This  condition  in  practice  is  always  fulfilled,  the  extent  of  deviation 
left  to  be  corrected  by  the  adjustments  being  always  very  small. 

2402.  Micrometer  toires — method  of  observing  tratisii.  — In  the 
focus  of  the  eye-piece  of  the  transit  instrument^  the  system  of  mi- 
crometer wires  (2302),  already  mentioned,  is  placed.  This  consists 
commonly  of  5  or  7  eauidistant  wires,  placed  vertically  at  equal  dis- 
tances, and  intersected  at  their  middle  points  by  a  horisontal  wire, 
as  represented  in^.  707.  When  the  instrument  has  been  adjusted, 
the  middle  wire  m  W  will  be  in  the  plane  of  the  meridian,  and  when 
an  object  is  seen  upon  it,  such  object  wiU  be  on  the  celestial  meri- 
dian, and  the  wire  itself  may  be  regarded  as  a  small  arc  of  the 
meridian  rendere4  visible. 

The  fixed  stars,  as  will  be  explained  more  fully  hereafter,  appear 
in  the  telescope,  no  matter  how  high  its  magnifying  power  be,  as 
mere  lucid  points,  having  no  sensible  magnitude,  ny  the  diurnal 
motion  of  the  firmament,  the  star  passes  successively  over  all  the 
wires,  a  short  interval  being  interposed  between  its  passages.  The 
observer,  just  before  the  star  approaching  the  meridian  enters  the 
field  of  view,  notes  and  writes  down  the  hours  and  minutes  indicated 
by  the  clock,  and  he  proceeds  to  count  the  seconds  by  his  ear.  He 
observes,  in  the  manner  already  explained,  to  a  fraction  of  a  second, 
the  instant  at  which  the  star  crosses  each  of  the  wires )  and  taking 
a  mean  of  all  these  times,  he  obtains,  with  a  great  degree  of  preci- 
sion, the  instant  at  which  the  star  passed  the  middle  wire,  which  is 
the  time  of  the  transit 

By  this  expedient  the  result  has  the  advantage  of  as  many  inde- 
pendent observations  as  there  are  parallel  wires.  The  errors  of 
observation  being  distributed,  are  proportionally  diminished. 

When  the  sun,  moon,  or  a  planet,  or,  in  general,  any  object  which 
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has  a  seiuible  disky  is  obeenred^  ihe  time  of  the  transit  is  the  in- 
stant at  which  the  centre  of  the  disk  is  npon  the  middle  wire.  This 
is  obtained  by  observing  the  instants  which  the  western  and  eastern 
ed^  of  the  disk  tooch  each  of  the  wires.  The  middle  of  these 
interyab  are  the  moments  at  which  the  centre  of  the  disk  is  upon 
the  wixea  respectiTely.  Taking  a  mean  of  the  contact  of  the 
wesfcem  edges,  the  contact  of  the  western  edge  with  the  middle 
wire  will  be  obtained;  and,  in  like  manner,  a  mean  of  the  contacts 
of  the  eastern  edge  will  give  the  contact  of  that  edge  with  the 
middle  wire,  and  a  mean  of  these  two  will  give  the  moment  of  the 
toBsit  of  the  oentze  of  the  disk,  or  a  mean  of  all  the  contacts  of 
both  edges  will  ^e  the  same  result 

By  day  the  wires  are  visible,  as  fine  black  lines  intersecting  and 
spaong  out  the  field  of  view.  At  night  they  are  rendered  visible 
by  a  lamp,  by  which  the  field  of  view  is  fiiintiy  illuminated. 

2403.  Apparent  motion  of  objects  in  field  of  view,  —  Since  the 
tdesoope  reverses  tiie  objects  oMerved,  the  motion  in  the  field  will 
appear  to  be  from  west  to  east,  while  that  of  the  firmament  is  from 
east  to  west  An  object  wiU  therefore  enter  the  field  of  view  on 
the  west  side,  and,  havine  crossed  it^  will  leave  it  on  the  east  side. 

Snoe  the  sphere  revolves  at  the  rate  of  15^  per  hoar,  15  per 
minute,  or  \&'  per  second  of  time,  an  object  will  be  seen  to  pass 
aeroas  the  field  of  view  with  a  motion  absolutely  uniform,  the  space 
passed  over  between  two  successive  beats  of  the  pendulum  being 
invariably  15". 

Thus,  if  the  moon  or  sun  be  inor  near  the  equator,  the  disk  will 
be  observed  to  pass  across  the  field  with  a  visible  motion,  the  inter- 
val between  the  moments  of  contact  of  the  western  and  eastern 
edges  with  the  middle  wire  being  2™*  8"*,  when  the  apparent  diame* 
ter  is  32^.  Thus,  the  disk  appears  to  move  over  a  space  equal  to 
half  its  own  diameter  in  1°^*  4"-. 

2404.  Cirdet  of  dedination,  or  hour  circles,  —  Circles  of  the 
edestial  sphere  which  pass  through  the  poles  are  at  right  angles  to 
the  celestial  equator,  and  are  on  the  heavens  exactly  what  meridians 
are  npon  the  terrestrial  globe.  They  divide  the  celestial  equator 
into  arcs  which  measure  the  angles  which  such  circles  form  with 
eadi  other.  Thus,  two  such  circles  which  are  at  right  angles  include 
an  are  of  90^  of  the  oelestial  equator,  and  two  which  form  with 
each  other  an  angle  of  1^  include  between  them  an  arc  of  1^  of 
the  oelestial  equator.  These  circles  of  declination,  or  hour 
cibci.es  as  they  are  called,  are  carried  round  by  the  diurnal  motion 
of  the  heavens,  and  are  brought  in  succession  to  coincide  with  the 
celestial  meridian,  the  intervals  between  the  moments  of  their  coin- 
ddenoe  with  the  meridian  being  always  proportional  to  the  angle 
they  form  with  each  other,  or,  what  is  the  same,  to  the  arc  of  ue 
eeleitial  equator  included  between  them.    Thus,  if  two  circles  of 
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debliiiatioii  form  with  each  other  an  angle  of  SO^,  the  iatarval  be- 
tween the  moments  of  their  ocNncidence  with  the  meridian  will  be 
two  sidereal  hours. 

The  relative  position  of  the  oiicles  of  deelinatioo  with  respeet  to 
eaoh  other  and  to  the  meridian,  and  the  soooessive  pontrans  aaaamed 
by  any  one  sooh  circle  during  a  complete  revolution  of  the  sphere, 
vrill  be  perceived  and  understood  without  difficulty  by  die  aid  of  a 
celestial  globe,  without  which  it  is  scarcely  possiUe  to  obtain  any 
clear,  or  definite  notion  of  the  apparent  motions  of  celestial  objects. 

2405.  Eight  atcennon.  —  The  arc  of  the  celestial  equator  be- 
tween any  circle  of  declination  and  a  certain  point  on  the  equator 
called  the  fibst  point  of  Amss  (which  will  be  defined  hereafter), 
is  called  the  right  abcbnsion  oi  all  objeets  tiuoogfa  which  the 
circle  of  declination  paaaes.  This  arc  is  fdways  understood  to  be 
measured  from  the  point  where  the  circle  of  declination  meets  the 
c^stial  equator  we$ttoardj  that  is,  in  the  direction  of  the  apparent 
diurnal  motion  of  the  heavens,  and  it  may  extend,  therefive,  over 
any  part  whatever  of  the  equator  from  0^  to  360^. 

Bight  ascension  is  expressed  sometimes  according  to  angular 
magmtude,  in  degrees,  minutes,  and  seconds ;  but  since,  aocoiding 
to  what  has  been  explained,  these  magnitudes  are  proportional  to 
the  time  they  take  to  pass  over  the  meridian,  right  ascension  is  also 
often  expressed  immediately  by  this  time.  Thus,  if  the  right 
ascension  of  an  object  is  15^  15'  15",  it  will  be  expressed  also  by 

Ih.  Im.  la.. 

In. general,  right  ascension  expressed  in  dcftrees,  minutes,  and 
seconds  may  be  i^uced  to  time  by  dividing  it  by  15 ;  and  if  it  be 
expressed  in  time,  it  may  be  reduced  to  angular  language  by  multi* 
plying  it  by  15. 

The  difference  of  right  ascensions  of  any  two  objects  may  be  as- 
certained by  the  transit  instrument  and  dock,  by  observing  the  in- 
terval which  elapses  between  their  transits  over  the  meridian.  This 
interval,  whether  expressed  in  time  or  reduced  to  degrees,  is  their 
difference  of  right  ascension. 

Hence,  if  the  right  ascension  of  any  one  object  be  known,  the 
right  ascension  of  idl  others  can  be  found. 

2406.  Sidereal  dock  %ndicate$  right  cucensum.  —  If  the  hands 
of  the  sidereal  dock  be  set  to  0^  0"*  0'-  when  the  first  point  of 
Aries  is  on  the  meridian,  they  will  at  all  times  (supposing  the  rate 
of  the  clock  to  be  correct)  indicate  the  right  ascension  of  such 
objects  as  are  on  the  meridian.  For  the  motion  of  the  hands  in 
that  case  corresponds  exactly  with  the  apparent  motion  of  the  me- 
ridian on  the  celestial  equator  produced  by  the  diurnal  motion  of 
the  heavens.  While  15^  of  the  equator  pass  the  meridian  the 
hands  move  through  1**',  and  other  motions  are  made  in  the  same 
proportion 
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2407.  The  mwrdl  circle. — The  transit  instrument  and  sidereal 
dock  supply  means  of  determining  with  extreme  precision  the  in- 
8tint  at  which  an  object  passes  the  meridian ;  but  the  instrument 
is  DOi  provided  with  any  accurate  means  of  indicating  the  point  at 
wiueh  the  object  is  seen  on  the  meridian.  A  circle  is  sometimeSi  it 
II  troe,  attached  to  the  transit^  by  which  the  position  of  this  point 
may  be  roughly  obeerved ;  but  to  ascertain  it  with  a  precision  pro* 
portioDate  to  that  which  the  transit  instranient  determmes  the  riffht 
aaoQisioiia,  requireB  an  instrument  constructed  and  mounted  for  this 
ez|vea  object  in  a  manner,  and  u&der  conditions,  altogether  differ- 
eDt  from  thoee  by  which  the  trandt  instrument  is  regulated.  The 
forn  of  instnunent  adopted  in  the  most  efficiently  fimiished  obser- 
vatofiet  for  this  purpose  is  the  mubal  omoLE. 

This  instrument  is  a  graduated  eirde,  similar  in  form  and  prin- 
dple  to  the  instrument  described  in  (2304).  It  is  centred  upon  an 
axis  established  in  the  hce  of  a  stone  pier  or  waU  (hence  the  name), 
erected  in  the  plane  of  the  meridian.  The  axis,  like  that  of  a 
tianat  instrument,  is  truly  horizontal,  and  directed  due  east  and 
veiL  Being  by  the  conditions  on  which  it  is  first  constructed  and 
nuniDted,  very  nearly  in  this  position,  it  is  rendered  exactly  so  by 
tvo  adjnatments,  one  of  which  moves  the  axis  vertically,  and  the 
other  horisontally,  by  means  of  sorewd,  througfi  i^Mces  which, 
thoo^  amall,  are  still  laige  eaoogh  to  enable  the  observer  to  sonreot 

the  slight  errors  of  position  iooi- 
dental  to  the  workmanship  and 
mounting. 

The  instrument,  as  mounted  and 
adjusted,  i&  represented  in  per- 
spective in^.  711,  where  A  is  thb 
stone  wall  to  which  the  instrument 
is  attached,  d  the  central  axis  on 
which  it  turns;  and  ro  the  tele- 
scope, which  does  not  move  upon 
the  circle,  but  is  immoveably  ait- 
taohed  to  it,  so  that  the  entire 
instrument,  including  the  telescope, 
turns  in  the  plane  dl  the  meridiaii 
upon  the  axis  d. 

A  front  view  of  the  eirele  in  the 

^    ^,  plane  of  the  instrument  is  nven  in 

^'  "^-  fig.  712. 

The  mduatioa  is  usually  made  on  the  edge,  and  not  on  the  ftMS 

^h.    The  hoop  of  metal  thus  engraved  forms,  therefore,  what  mi^ 

be  called  the  tire  of  the  wheel. 

Inng^  o,  oontaining  mercury,  are  placed  on  the  floor  in  conve- 
^  pontioiis  in  the  plane  of  the  instrument^  in  the  surfiiee  ef 
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Fig.  712. 

which  are  aeeo,  by  refleotion,  the  objects  as  thej  pass  over  the  me- 
ridian. The  observer  is  thus  enabled  to  ascertain  the  directions,  as 
well  of  the  images  of  the  objects  reflected  in  the  meroury,  as  of  the 
objects  themselves,  the  advantage  of  which  will  presently  appear. 

Convenient  ladders,  chairs,  and  coaches,  capable  of  being  ad- 
justed by  racks  and  other  mechanical  arrangements,  at  any  desired 
inclinations,  enable  the  observer,  with  the  utmost  ease  and  comfort^ 
to  apply  his  eye  to  the  telescope,  no  matter  what  be  its  direction. 

In  the  more  important  national  observatories  the  mural  circles 
are  eight  feet  in  diameter,  and  consequently  801-5  inches  in  circum- 
ference. Each  degree  upon  the  circumference  measuring,  therefore, 
above  eight-tenths  of  an  inch,  admits  of  extremely  minute  sab- 
division. 

The  divisions  on  the  graduated  edge  of  the  instrument  are  num- 
bered as  usual  from  0^  to  360^  round  the  entire  circle.  The  posi- 
tion which  the  direction  of  the  line  of  collimation  of  the  telescope 
has  with  relation  to  the  0^  of  the  limb  is  indifferent  Nothing  is 
necessary  except  that  this  line,  in  movins  round  the  axis  d  of  the 
instrument,  shall  remain  constantly  in  the  plane  of  the  meridian. 
This  condition  being  fulfilled,  it  is  eridentthat,  as  the  circle  revolyea, 
the  line  of  collimatioa  will  be  successively  directed  to  every  point 
of  the  meridian  when  presented  upwards,  and  to  every  point  of  its 
reflected  image  in  the  mercury  when  presented  downwards. 

2408.  MSkod  of  observing  vrUh  %L  — The  poeitioa  of  the  instra- 
mant  when  directed  successively  to  two  objects  on  the  meridian^  or 
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(otUr  imagM  veAeoted  m  the  meroarj,  being  observed,  tbe  angular 
HflluM,  or  tbe  arc  of  the  meridian  between  them,  will  be  found  bj 
Moertuung  U&e  «rc  of  the  graduated  limb  of  the  instrument,  whieh 
pMRs  before  aB.y  fixed  point  or  index,  when  the  telescope  is  turned 
bm  the  directkNi  of  the  one  objeot  to  the  direction  of  the  other. 

2Aff^.  CbmjBOtnui  fiMoroacopes  —  their  number  and  we.  —  This 
neiiobBerred  by  a  oompovnd  mioroaoope  (2807),  attuhed  to  the 
nHorpkr,  and  dsreoled  towaxds  the  graduated  limb.     The  man- 
ner ia  nY^Ak  the  feaetion  of  a  division  of  tiie  limb  is  observed  by 
4ai  CTydlBDt  has  been  already  explained.     But  to  give  greater 
fncmoii  to  ihe  oba^^ation,  as  well  as  to  ei&oe  the  errors  whidi 
iai|^  sika,  either  firom  defective  centreing,  or  from  the  small  de- 
nogement  of  figuze  that  might  arise  from  the  flexure  produced  by 
^  we^t  of  the   instrument,  several  compound  microscopes  — 
generally  mx — are  provided  at  nearly  equal  distances  around  the 
£mb|  so  thai  the  observer  is  enabled  to  note  the  position  of  six  in- 
diees.     The  m  arcs  of  the  limb  which  pass  under  them  being  ob- 
aerved,  are  eqoivaieni  to  six  independent  observations,  the  mean  of 
wkkJi  being  taken,  the  errors  incidental  to  them  are  reduced  in  pro* 
portiOD  to  their  number. 

2ilO.  Oirck  primarHy  a  differential  inehrument  -^  The  obaer- 
Taiioao,  however,  tiius  taken  are,  striedy  speaking,  only  differential. 
The  are  of  the  meridian  between  the  two  objects  is  determined,  and 
this  arc  k  the  difference  of  their  meridional  distances  from  tbe 
aenifth  or  from  the  horiion ;  but  unless  the  positions  which  the  six 
JaAmrcB  have,  when  the  line  of  collimation  is  directed  to  the  xenith 
or  hoEison,  be  known,  no  positive  resnlt  arises  from  the  observa- 
tiona  ;  nor  can  the  absolute  distance  of  any  object,  either  from  the 
horiaon  or  the  zenith,  be  ascertained. 

2411.  Method  of  aecertaining  the  horizontal  point — ^The  "read- 
io^"  aa  it  is  technically  called,  at  each  of  the  microscopes,  in  any 
propoaed  position  of  the  instrument,  is  the  distance  of  that  micro- 
aeope  firom  the  lero  point  of  the  limb.  Now  it  is  easy  to  show  that 
half  the  earn  of  the  two  readings  at  any  microscope,  when  the  tele- 
y  scope  is  successively  directed  to  an  ob- 

^ — '^^^'-^X.  j^*  *^^  ^**  image  in  the  mercury,  will 

^  ^^^        be  tbe  reading  at  tbe  same  microscope 

when  the  line  of  collimation  is  horizontaL 
Let  a  circle  be  imagined  to  be  drawn 
upon  the  stone  pier  around  the  instru- 
ment, and  let  m,  Jia.  713,  represent  the 
position  of  any  of  the  microscopes.  Let 
oo  be  the  position  of  the  telescope  when 
directed  to  the  object,  and  let  z  be  the 
position  of  the  zero  of  the  limb.  Let 
Vi(.  71S.  '  c  I  be  the  position  of  the  telescope  wher 
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directed  to  the  image  of  the  nme  object  in  the  roercmy.    Itzti'^a     \ 
0 1,  ^'  will  then  be  the  place  of  the  lero,  because  the  lero  will  be     i 
moved  with  the  instrument  through  the  same  space  as  that  through     i 
which  the  telescope  is  moved.     Smoe  the  durection  o  i  is  as  much 
below  the  horizon  as  o  o  is  above  it,  the  direction  of  the  horizon 
must  be  that  of  the  point  H  which  bisects  the  arc  o  i.    The  tele- 
scope^  when  horizontal,  will  have  therefore  the  direction  o  H;  and 
when  it  has  this  position  the  zero  will  evidently  be  at  ^^  the  point 
which  bisects  the  arc  «;2;". 

The  ^^  readings  ^^  of  the  microscope  M,  when  the  telescope  is  di- 
rected to  o  and  i^  are  M2  and  M2/'.  The  ^^ reading''  of  the  same 
microscope  when  the  telescope  is  horizontal  wonld  m  usf.  Now  it 
is  evident;  from  what  has  been  stated  above,  that 

M2^  —  M«  =  M2/'  —  M«'; 
and|  therefore^ 

that  is,  the  reading  for  the  horizontal  direction  of  the  telescope 
wonld  be  half  the  snm  of  the  readings  for  an  object  and  its  image. 

2412.  Method  ofchwrving  altitudes  and  zenith  dittances, — The 
readings  of  all  the  microscopes,  when  the  telescope  is  directed  to  the 
horizon,  being  thns  determined,  are  preserved  as  neoessaxy  data  m 
all  observations  on  the  altitudes  or  zenith  distances  of  objects.  To 
determine  the  altitude  of  an  object  o,  let  the  telescope  be  directed 
to  ity  so  that  it  shall  be  seen  at  the  intersection  of  the  wires ;  and 
let  the  readings  of  the  six  microscopes  be  0|,  0^  0^,  04,  o^f  and  o^, 
and  let  their  six  horizontal  readings  be  Hi,  H^,  B^f  H4,  H^,  and  h^ 
We  shall  have  six  values  for  the  altitudes : 
Ai  =  Hj  —  o„ 

Aj  ==  Hg  —  Ogf 

A3  =  Ha  —  (^, 

A4  =  H4  —  O4, 

As  =  H5  —  O5, 

A6  =  He  —  Og, 
These  will  be  nearly,  but  not  precisely,  equal,  because  they  will 
differ  by  the  -small  errors  of  observation,  centreiog,  and  form.  A 
mean  of  the  six  being  taken  by  adding  them  aud  dividing  their  sum 
by  6;  these  differences  will  be  equalized,  and  the  errors  nearly  efiaced, 
so  that  we  shall  have  the  nearest  approximation  to  the  true  al> 
titude — 

A  =  J  { A,  +  A,  +  Aa  +  A4  +  A5  +  Ae}. 

The  altitude  of  an  object  being  known,  its  zenith  distance  may  be 
found  by  subtracting  the  altitude  from  90° :  thus,  if  z  express  the 
zenith  distance^  we  shall  have 

»  =  90«  —  A. 
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2413.  MeOiodofdaeinnMiig  dhewmium  of  Ae  pole  and  wuaior. 
— The  mural  circle  may  be  regan&d  as  the  celestial  meriman  re- 
dnoed  ia  scale,  and  brought  immediately  under  the  hands  of  the 
olweryer,  so  that  all  distanoes  upon  it  may  be  submitted  to  ezaet 
examinatioQ  and  measozement  Besides  the  lenith  and  horiioD,  the 
positions  of  which^  in  relation  to  ihe  microsoopeSy  haye  just  been 
saoertaiDedy  there  are  two  other  points  of  equal  importance,  the 
pole  and  the  equator,  which  should  also  be  estaoUshed. 

The  stars  which  are  so  near  the  celestial  pole  that  they  never  set, 
ue  earned  by  the  dimnud  motion  of  the  hMTens  round  the  pole  in 
small  drdesy  crossing  the  visible  meridian  twice,  once  above  and 
ODce  below  the  pole.  Of  all  these  ciroumpolar  stars,  the  most  im- 
portant and  the  most  useful  to  the  observer  is  the  pole  star,  both 
because  of  its  dose  proximity  to  tho  pole,  from  which  its  distance  is 
odIv  11%  and  becanse  its  magnitude  ia  si^flidenily  great  to  be  virible 
wiu  the  telescope  in  the  day.  This  star,  then,  crosses  the  meridian 
above  the  pole  and  below  it,  at  intervals  of  twelve  hours  sidereal 
time,  and  the  true  position  of  the  pole  is  exactly  midway  between 
the  two  points  where  the  star  thus  crosses  the  meridian. 

li^  therefore,  the  readings  of  the  six  mioroscopes  be  taken  when 
the  pole  star  makes  its  transit  above  and  below  the  pole,  their  read- 
ings finr  the  pole  itself  wiU  be  half  the  sum  of  the  former  for  each 
miscrosoope. 

The  readings  for  the  pole  being  determined,  those  which  oor- 
respond  to  the  point  where  the  celestial  equator  crosses  the  meridian 
may  be  found  by  subtracting  the  former  from  90^. 

When  the  positions  of  the  microscopes  in  relation  to  the  pole  and 
equator  are  determined,  the  latitude  of  the  observatoiT  will  b^ 
i:Q0wn,  since  it  is  equal  to  the  altitude  of  the  celestial  pole  (2862). 

2414.  AU  cirdes  of  declifuUian  represented  hy  Oie  circle,  —  Sino% 
the  circles  of  declination,  which  are  imagined  to  surround  thi 
heavois,  are  brought  by  the  diurnal  motion  in  succession  to  coin 
eide  witli  the  celestial  meridian  (2404),  since  that  meridian  is  itseH 
represented  by  the  mural  circle,  that  circle  may  be  considered  & 
presenting  sucoessivelv  a  model  of  every  circle  of  declination ;  anr 
the  position  of  any  object  upon  the  circle  of  declination  is  repre- 
sented on  the  mural  circle  by  the  position  of  the  telescope  when 
directed  to  the  point  of  the  meridian  at  which  the  object  crosses  it. 

If  the  object  have  a  fixed  position  on  the  firmament,  it  is  evident 
that  it  will  always  pass  the  meridian  at  the  same  point ;  and  if  the 
telesoc^  be  directed  to  that  point  and  maintained  there,  the  object 
will  be  seen  at  the  intersection  of  the  wires  regularly  after  intervals 
of  twenty-four  hours  sidereal  time. 

2415.  Declination  and  polar  distance  of  an  object.  — The  dis- 
tance of  an  object  from  the  celestial  equator,  measured  upon  the 
cirde  of  deelina^n  which  passes  ihrough  it,  is  called  its  diclina- 
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9PI0K,  And  is  WORTH  or  SOUTH,  aeoordhig  to  tlie  side  of  the  eqvator 
at  whioh  the  object  is  placed. 

The  decliDafion  of  an  object  is  aeoertained  with  the  maral  circle 
in  the  same  maDoer  and  by  the  same  observation  as  tbat  which 
ffivee  its  altitude.  The  readings  of  the  miorosoopes  for  the  object 
being  compared  witii  their  readings  for  the  pole  (2413),  give  the 
polar  distance  of  the  object ;  and  the  difference  between  the  polar 
distances  and  90^  gives  the  deoUnation. 

Thus  the  polar  distance  and  deolination  of  an  object  are  to  the 
eqnator  exactly  what  its  altitade  and  lenith  distance  are  to  the 
horiaon.  Bat  since  the  eqnator  maintains  always  the  same  position 
dazing  the  diomal  motion  of  the  hearens,  the  deolination  and  polar 
distance  of  an  olgect  are  not  affected  by  that  motioni  and  remain  the 
same,  while  the  idtitude  and  senith  distances  are  constantly  changing. 

2416.  Bmtum  of  an  abject  defined  by  its  declination  and  riffhi 
«soetM»9f». — The  position  of  an  object  on  the  firmament  is  deter- 
mined by  its  decimation  and  right  ascension.  Its  declination  ex- 
presses its  distance  north  or  south  of  the  celestial  eqnator,  and  its 
light  ascension  expresses  the  distance  of  the  cirde  of  declinataon 
'iqKm  which  it  is  placed  from  a  certain  defined  point  apon  Ihe  celestial 
equator. 

It  is  evident,  therefove,  that  declination  and  right  ascension  define 
the  position  of  celestial  objects  in  exactly  the  same  manner  as  lati- 
ftade  and  longutade  define  the  position  of  places  on  Uie  earth.  A 
place  upon  the  globe  may  be  regarded  as  being  projected  on  the 
heavens  into  the  point  which  forms  its  senith ;  and  hence  it  appears 
that  the  latitude  of  the  place  is  identical  with  the  declination  of  its 
■enith. 

OHAP.  vn. 

ATMO8FHBRI0  RBFRAOTION. 

I  2417.  Apparent  ptmHon  of  celestial  ohjecU  agkeled  hy  refraciion. 
-—  It  has  been  shown  that  the  ocean  of  air  which  surrounds,  rests 
upon,  and  extends  to  a  certain  limited  height  above  the  sutfhoe  of 
the  solid  and  liquid  matter  composing  the  globe,  decreases  gradually 
in  density  in  rising  from  the  surface  (719) ;  that  when  a  ray  of 
light  passes  from  a  rarer  to  a  denser  transparent  medium,  it  is  de- 
flected towards  the  perpendicular  to  their  common  suriaoe ;  and  that 
the  amount  of  such  deflection  increases  with  the  difierence  of  den- 
sities and  the  angle  of  incidence  (978  et  seq.).  These  properties^ 
which  air  oas  in  common  with  all  transparent  media,  produce  iuk- 
.portent  effects  on  the  apparent  positions  of  celestial  objects. 
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Let  so,  fig.  714,  be  a  ray  of  li^^t 
coming  from  any  distant  object  8,  and 
Ming  on  the  surface  of  a  series  of  layers 
of  transparent  matter,  increasing  in 
density  downwards.  The  ray  s  a,  pass- 
ing into  the  first  layer,  will  be  d^ected 
in  the  direction  a  a'  towards  the  per- 
pendieolar;  passing  thence  into  the 
next,  it  will  be  agam  deflected  in  the 
direction  c/  o^',  more  towards  the  per- 
pendicular;  and,  in  fine,  passing  through 
Uie  lowest  layer,  it  will  be  still  more 
deflected,  and  will  enter  the  eye  at  0, 
in  the  direction  ci'e:  and  since  every 
object  is  seen  in  the  direction  from 
which  the  visual  ray  enters  the  eye, 
the  o^ect  s  will  be  seen  in  the  direction  e  8^,  instead  of  its  true 
direetioD  as.  The  effect,  therefore,  is  to  make  the  object  appear 
to  be  nearer  to  the  zenithal  direction  than  it  really  is. 

And  this  is  what  actually  occurs  with  respect  to  all  celestial  ob- 
jects seen,  as  such  objects  always  must  be,  through  the  atmosphere. 
The  TiBoal  ray  BU^Jig.  715,  passing  through  a  succession  of  strata 
cf  «r,  gndnaJly  and  continuidly  increasing  in  density,  its  path  will 
be  a  cur?e  bending  from  p  towards  A^  and  convex  tovards  the 
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•flWithal  line  a  2.  The  direction  in  which  the  objeot  will  be  seen, 
being  that  in  which  the  visnal  ray  enters  the  eye,  will  be  the  tan* 
gent  A  s  to  the  curve  at  a.  The  object  will  therefore  be  seen  in  the 
direction  A  s  instead  of  D  a. 

It  has  been  shown  that  the  deflection  produced  by  refraction  is 
iDcreased  with  the  increase  of  the  angle  of  incidence.  Now^in  the 
present  case,  the  angle  of  incidence  is  the  angle  under  the  trae 
direction  of  the  objeot  and  the  lenithal  line,  or,  what  is  the  same, 
the  eenith  distance  of  the  object  The  extent^  therefore,  to  which 
any  celestial  object  is  disturbed  from  its  true  place  by  the  refinetion 
of  the  atmosphere,  increases  with  ita  senith  distance.  The  refrac- 
tion ia,  therefore^  nothing  in  tbe  leaith,  and  greatest  in  the  ho- 
nion. 

2418.  Law  of  idmoepkenc  refradum.  —  The  extent  to  which  a 
celestial  olject  is  displaced  by  refraction,  therefore,  depends  upon 
and  increases  with  its  distance  from  the  senith;  and  it  can  be 
shown  to  be  a  consequence  of  the  general  principles  of  optics,  that 
when  other  things  are  the  same,  tbe  actual  quantity  of  this  dis- 
placement (except  at  very  low  altitudes)  varies  in  Ike  proportion  cf 
the  tangent  of  tiie  zenith  distance. 

Thus,  if  A  Z,  Jig.  716,  be  the  lenithal  direction,  and  A  o,  AO^, 
A  o",  Ac.,  be  the  directions  of  celestial 
objects,  their  lenith  distances  being 
2  AO,  ZAO',  z  AO^,  &c,  the  quantities 
of  refraction  by  which  they  will  be 
severally  i^ected,  or,  what  is  the  same, 
the  differences  between  their  true  and 
apparent  directions,  will  be  in  the  ratio 
of  the  tangents  z  t,  z  t',  z  t^,  &c,  of 
Ilg.  716.  the  oenith  distances.* 

*  This  Uw  may  be  demooBtratad  as  follows: — The  anglo  of  Inoidence 
of  the  visoal  ray  ie  eqnal  to  the  senith  distance  s  of  the  object.  If  r 
express  the  refraction,  the  angle  of  refraction  will  be  s  —  r.  Let  the 
index  of  refirastion  (980)  be  m.  By  the  general  law  of  refraction  we  hare, 
therefore, 

Bin.  s  —  m  X  sin.  (f —  r)  —  m  X  sin.  f  cos.  r  —  m  X  cos.  s  sin.  r. 

Bat  since  r  is  a  very  small  an^e,  if  it  be  expressed  in  seconds,  we  shill 
have 

cos.  f  ■■  1.  irin.  r  — 

'  206266' 

and,  consequently, 

sin.  s  «  m  X  an.  t  —  m  x  cos.  t  X : 


206266' 
and,  therefore, 

r  -  206266'/  X  5^=^  X  ^^  -  206266^/  X  "^^^  X  tan.  s. 
m         0OS.S  SI 
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Tliis  law  pfevails  wkli  eonsiderBble  ezaotitode,  except  at  ywj 
kvaltitadeB,  where  the  lefractiona  depart  from  it^  and  become  un- 
oertain. 

1^9.  QuatUify  of  re/raciion.—Whea  the  latitude  of  the  ob- 
ftmkfj  IB  known,  the  aotoal  quantify  of  refEiction  at  a  given 
altitade  may  be  aaoertained  by  observing  the  altitudes  of  a  oircum- 
poiv  star,  when  it  panes  the  meii&n  above  and  below  the  pole. 
Tlw  60111  of  these  altitudes  would  be  exactly  equal  to  twice  the 
lathode  (2362)  if  the  lefraotion  did  not  exist,  but  since  by  its 
dkeU  the  star  is  seen  at  greats  than  its  true  altitudes,  the  sum  of 
the  altifciides  will  be  jg[^ter  than  twice  the  latitude  by  the  sum  of 
tbe  two  re&actions.  This  sum  will  therefore  be  known,  and  beins 
dirided  between  the  two  altitudes  in  the  ratio  of  the  tangents  of 
tike  leoith  distances,  the  quantity  of  refraction  due  to  each  altitude 
tin  be  known. 

The  pde  star  amwers  best  for  this  observation,  especially  in  these 
Hid  higher  latitudes,  where  it  passes  the  meridian  within  the  limits 
of  the  more  repilar  influence  of  refraction ;  and  the  diflerence  of 
itB  dtitedes  bemg  only  3^,  no  considerable  error  can  arise  in  ap- 
portiooiDg  the  total  refraction  between  the  two  altitudes. 

2420.  Tal)U9  of  refraction.  —  To  determine  with  great  exaoti- 
tnde  the  average  quantity  of  refraction  due  to  different  altitudes, 
ud  the  various  physical  conditions  under  which  the  actual  refrao* 
turn  departs  from  such  average,  is  an  extremely  difficult  physical 
problem.  These  ocmditions  are  connected  with  phenomena  subject 
to  musertam  and  imperfectly  known  laws.  Thus,  the  quantity  of 
re&iction  at  a  given  altitude  depends,  not  only  on  the  density,  but 
iho  on  the  temperature  of  the  successive  strata  of  air  through 
which  the  visual  ray  has  passed.  Although,  as  a  general  fSibot,  it  is 
qyparrat  that  the  temperature  of  the  air  falls  as  we  rise  in  the 
itvoepbere  (2185),  yet  the  exact  law  according  to  which  it  de- 
cmees  is  not  fully  ascertained.  But  even  though  it  were,  the 
i^e^aetioQ  is  also  influenced  by  other  agencies,  among  which  the 
hyaometric  condition  of  the  air  holds  an  important  place. 

From  these  causes,  some  uncertainty  necessarily  attends  astro- 
oooieil  observations,  and  some  embarrassment  arises  in  cases  where 
the  qoantities  to  be  detected  by  the  observations  are  extremely 
nbate.  Nevertheless,  it  must  be  remembered,  that  since  the  total 
amonnt  of  refraction  is  never  considerable,  and  in  most  cases  it  is 
exbemelv  minute,  and  since,  small  as  it  is,  it  can  be  very  nearly 
^mated  and  allowed  for,  and  in  some  cases  wholly  eflaced,  no 
*cnoQs  obstacle  is  offered  by  it  to  the  general  progress  of  astro- 
Bomy. 

Tables  of  refraction  have  been  constructed  and  oaloolated,  partly 
from  observation  and  partiy  from  theory,  by  which  the  observer 
>2y  at  once  obtain  the  average  quantity  of  refraction  at  each  alti* 
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tade;  and  rales  are  given  by  which  this  average  refraction  may  be 
corrected  according  to  the  peculiar  state  of  the  barometer,  Uier« 
mometer,  and  other  indicators  of  the  physical  state  of  the  air. 

2421.  Average  quantity  ai  mean  aUUudea.  —  While  the  refrao- 
tion  is  nothing  in  the  zenith,  and  somewhat  (rreater  than  the  ap- 
parent diameter  of  the  sun  or  moon  in  the  horizon,  it  does  not 
amount  to  so  much  as  1',  or  the  thirtieth  part  of  this  diameter^  at 
the  mean  altitude  of  45^. 

2422.  Effect  on  ruing  and  setting,  — Its  mean  quantity  in  tho 
horizon  is  33',  which  being  a  little  more  than  the  mean  apparent 
diameters  of  the  sun  and  moon,  it  follows  that  these  objects,  at  the 
moment  of  rising  and  setting,  are  visible  above  the  horizon,  the 
lower  edge  of  their  disks  just  touching  it,  when  in  reality  they  are 
below  it,  the  upper  edge  of  the  disk  just  touching  it. 

The  moments  of  rising  of  all  objects  are  therefore  accelerated) 
and  those  of  setting  retarded,  by  refraction.  The  sun  and  moon 
a^cjpear  to  rise  he/ore  they  have  really  risen,  and  to  set  a/ier  they 
have  reaUy  set;  and  the  same  is  true  of  all  other  objects. 

2423.  General  effect  of  the  barometer  on  refraction,  —  Since 
the  barometer  rises  with  the  increased  weight  and  density  of  the 
ur,  its  rise  is  attended  by  an  augmentation,  and  its  h\\  by  a 
decrease,  of  refraction.  It  may  be  assumed  that  the  refraction  at 
any  proposed  altitude  is  increased  or  diminished  by  l-300th  part  of 
its  mean  quantity  for  eveiy  10th  of  an  inch  by  which  the  barometer 
exceeds  or  falls  short  of  tiie  height  of  30  inches. 

2424.  Effect  of  thermometer,  —  As  the  increase  of  temperature 
causes  a  decrease  of  density,  the  effect  of  refraction  is  diminished 
by  the  elevation  of  the  thermometer,  the  state  of  the  barometer 
being  the  same.  It  may  be  assumed,  that  the  refraction  at  any 
proposed  altitude  is  diminished  or  increased  by  the  420th  part  of 
its  mean  amount  for  each  degree  by  which  Fahrenheit's  thermometer 
exceeds  or  falls  short  of  the  mean  temperature  of  55^. 

2425.  Twilight  caused  by  the  reflection  of  the  atmosphere,  — 
The  sun  continues  to  iUuminate  the  clouds  and  the  supenor  strata 
of  the  air  after  it  has  set,  in  the  same  manner  as  it  shines  on  the 
summits  of  lofty  mountain  peaks  long  after  it  has  descended  fron: 
the  view  of  the  inhabitants  of  the  adjacent  pluns.  The  air  anc 
clouds  thus  illuminated,  reflect  light  to  the  surface  below  them 
and  thus,  after  sunset  and  before  sunrise,  produce  that  light,  mor^ 
or  less  feeble  according  to  the  depression  of  the  sun,  called  Tvrx 
LIGHT.  Immediately  after  sunset  the  entire  visible  atmosphere 
and  all  the  clouds  which  float  in  it,  are  flooded  with  sunlight,  an< 
produce,  by  reflection,  an  illumination  little  less  intense  than  before 
the  sun  had  disappeared.  According  as  the  sun  sinks  lower  azi^ 
lower,  less  and  less  of  the  visible  atmosphere  receives  his  light,  am 
less  and  less  of  it  is  transmitted  by  reflection  to  the  surface^  antd 
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it  leogdi,  and  by  Am  degrees,  all  lefleotion  ceaeefl,  and  ni^^ 

Tbe  flune  series  of  phenomena  are  developed  in  an  opposite  order 
befcie  soniise  in  the  morningy  oommencing  with  the  first  feeble  light 
of  dawn,  and  ending  with  the  fall  blaie  of  day  when  the  disk  of  the 
son  beeomes  visible. 

Hie  general  efibet  of  ihe  air,  donds,  and  vapours  in  diffiiaing 
li^ty  and  rendering  more  efiectoal  the  general  illumination  pro- 
dsoed  by  the  snn,  £u  been  already  explained  in  (923,  924). 

2426.  Oval  /otm  of  duk$  of  $wn  and  moon  explained.  —  One 
of  the  most  oorioos  eftots  of  atmospheric  refraction  is  the  oval  form 
of  the  disks  of  the  son  and  moon,  when  near  the  horizon.  This 
arises  from  the  nneqnal  refraction  of  the  upper  and  lower  limbs. 
The  latter  being  nearer  the  horizon  is  more  i^ected  by  refraction, 
sod  theielbre  raised  in  a  greater  degree  than  the  upper  limb,  the 
efiiMi  of  which  is  to  bring  the  two  limbs  apparently  closer  together, 
by  the  dififerenee  between  the  two  refractions.  The  form  of  the 
dye  18  therefore  affected  as  if  it  were  pressed  between  two  forces, 
one  aeting  above,  and  the  other  below,  tending  to  compress  its  ver- 
tical diameter,  and  to  give  it  the  form  of  an  ellipse,  the  lesser  axis 
cf  which  is  vertical,  and  the  greater  horizontal* 
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2427.  Apparent  motion  of  the  sun  in  ihe  heavens. — Indepen- 
dently of  the  motion  which  the  sun  has  in  common  with  the  entire 
firmament,  and  in  virtue  of  which  it  rises,  ascends  to  the  meridian, 
and  eetSy  it  is  observed  to  chanffe  its  position  from  day  to  day  with 
relation  to  the  other  celestial  objects  among  which  it  is  placed.  In 
thiz  respect,  therefore,  it  differs  essentially  from  the  stars,  which 
maintain  their  relative  positions  for  months,  years,  and  ages,  unal- 
tered. 

If  the  exact  position  of  tbe  sun  be  observed  from  day  to  day  and 
from  month  to  month,  through  tbe  year,  with  reference  to  the  stars, 
it  will  be  found  that  it  has  an  apparent  motion  among  them  in  a 
great  circle  of  tbe  celestial  sphere,  the  plane  of  which  forms  an 
aogle  of  23^  28'  with  tbe  plane  of  the  celestial  equator. 

2428.  Ascertained  h/  the  transit  instrument  and  mural  circle.  — 
Thii  apparent  motion  of  tbe  sun  was  ascertained  with  considerablo 

*  For  an  explanation  of  the  great  apparent  magnitade  of  the  lolar  and  Iniutt 
diafcs  in  riling  and  Mttng,  see  (1170). 
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precision  before  tbc  inTention  of  the  telesoope  and  Ibe  Bubeequent 
and  consequent  improvement  of  the  instruments  of  observation.  It 
may,  however,  be  made  more  dearly  manifest  by  the  traaait  instm- 
ment  and  mural  circle. 

If  the  transit  of  the  sun  be  observed  duly  (2402),  and  its  right 
ascension  be  ascertained  (2405),  it  will  be  found  tint  from  day  to 
day  the  right  ascension  continually  increases,  so  that  &e  circle  of 
declination  (2404)  passing  through  the  centre  of  the  sun  is  carried 
with  the  sun  round  the  heavens,  making  a  complete  revolution  in  a 
year^  and  moving  constantly  from  west  to  cast,  or  in  a  direction  con- 
trary to  the  apparent  diurnal  motion  of  the  firmament. 

If  the  point  at  which  the  sun's  centre  crosses  the  meridian  daily 
be  observed  with  the  mural  circle  (2408),  it  wUl  be  found  to  change 
from  day  to  day.  Let  its  distance  from  the  celestial  equator,  or  its 
declination,  be  observed  ^2415)  daily  at  noon.  It  will  be  foand  to 
be  nothing  on  the  21st  ot  March  and  21st  of  September,  on  which 
days  the  polar  distance  of  the  sun's  centre  will  be  therefore  90^. 
The  sun's  centre  is,  then,  on  these  days,  in  the  celestial  equator. 
After  the  21st  March  the  sun's  centre  will  be  north  of  the  equator, 
and  its  declination  will  conUnually  increase,  until  it  becomes  23^ 
28'  on  the  2l8t  June.  It  will  then  begin  slowly  to  decreaaa,  and 
will  continue  to  decrease  until  21st  September,  when  the  centre  of 
the  sun  will  again  be  in  the  equator.  After  that  it  will  pass  the 
meridian  south  of  the  equator,  and  will  consequently  have  south 
declination.  This  will  increase  until  it  becomes  23^  28' on  the  2 let 
December;  after  which  it  will  decrease  until  the  centre  of  the  son 
returns  to  the  equator  on  the  21st  March. 

By  ascertaining  the  position  of  the  centre  of  the  sun's  disk  from 
day  to  day,  by  means  of  its  right  ascension  and  declination  (2416), 
and  tracing  its  course  upon  the  surface  of  a  celestial  globe,  its  path 
is  proved  to  be  a  great  circle  of  the  heavens,  inclined  to  the  equator 
at  an  angle  of  23^"  28'. 

2429.  The  ecliptic,  —  This  great  circle  in  which  the  centre  of  the 
disk  of  the  sun  thus  appears  to  move,  completing  its  revolution  in  it 
in  a  year,  is  called  the  ecliptic,  because,  for  reasons  which  will  be 
explained  hereafter,  Bolar  and  lunar  eclipses  can  never  take  place 
except  when  the  moon  is  in  or  veiy  near  it. 

2430.  Tlie  equinoctial  points, —  The  ecliptic  intersects  the  celes- 
tial equator  at  two  points  diametrically  opposite  to  each  other,  di- 
viding the  equator,  and  being  divided  by  it  into  equal  parts.  These 
are  called  the  equinoctial  points,  because  when  the  centre  of  the 
aoUur  disk  arrives  at  them,  being  then  in  the  celestial  equator,  the 
Bun  will  be  equal  times  above  and  below  the  horizon  (2867),  and 
the  days  and  nights  will  be  equal. 

•     2431.   The  vernal  and  autumnal  equinoxes,  —  The  equinoctial 
point  at  which  the  sun  passes  from  the  sooth  to  the  north  of  the 
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celostiiJ  equfttor  is  called  tbe  yebnal,  and  that  at  wUeh  it  paraea 
from  the  north  to  the  soath  is  called  the  AUXUMJCfAL,  equinoctial 
point  The  times  at  which  the  centre  of  the  sun  is  found  at  these 
points  are  called^  respectiyelj^  the  yb&nal  and  autumnal  bqui- 

NOX£S. 

The  venial  eqainoz,  therefore,  takes  place  on  the  2l8t  March, 
and  the  aatnnmal  on  the  21st  Septemher. 

2432.  The  teatom.  —  That  semicircle  of  the  ecliptic  through 
which  the  sun  moves  from  the  yemal  to  the  automnal  equinox  is 
north  of  the  celestial  equator ;  and  during  that  interval  the  sun  will 
therefore  (2351)  be  loiter  above  than  l^low  the  horizon,  and  will 
pus  the  meridian  above  the  equator  in  places  having  north  latitude. 
The  days,  therefore,  during  that  half-year^  will  be  longer  than  the 
nights 

That  semidrcle  through  which  the  centre  of  the  sun  moves  from 
the  autumnal  to  the  vernal  equinox  being  south  of  the  celestial 
eqnator,  tiie  snn,  for  like  reasons,  will  during  that  half-year  be 
longer  below  than  above  the  horixon,  and  the  days  will  be  shorter 
than  the  nights,  the  sun  rising  to  a  point  of  the  meridian  below  tho 
equator. 

The  three  months  which  suooeed  the  vernal  equinox  are  called^ 
8PBCfO,  and  those  which  precede  it  vnNTEB;  Uie  three  months 
vhioh  precede  the  autumnal  equinox  are  called  summnB;  and  those 
which  succeed  It  wintsi. 

2438.  The  aolatiees,  —Those  points  of  the  ecliplio  which  are 
aidway  between  the  equinoctial  points  are  the  most  distant  from  the 
oeleBttal  equator.  The  arcs  of  the  ecliptic  between  these  points  and 
the  equinoctial  points  are  therefore  90^.  These  are  called  the  SOL- 
sntiAL  P0IHT8,  and  the  times  at  which  the  centre  of  the  solar  disk 
paaees  throufdi  diem  are  called  the  solstices. 

The  summer  solstice,  therefore,  takes  place  on  the  21st  June,  and 
the  winter  solstice  on  the  2l8t  December. 

This  distance  of  the  summer  solstitial  point  north,  and  of  the 
vmter  solstitial  point  south  of  the  celestial  equator  is  23^  28^ 

The  more  distajit  the  centre  of  the  sun  is  from  the  celestial 
eqnator,  the  more  unequal  will  be  the  days  and  nights  (2856),  and 
consequently  the  longest  day  will  be  the  day  of  the  summer,  and 
^e  shortest  the  day  of  the  winter,  solstice. 

It  will  be  evident  that  the  seasons  must  be  reversed  in  southern 
latitudes,  since  there  the  viinble  celestial  pole  will  be  the  south  pole. 
The  summer  solstice  and  the  vernal  equinox  of  the  northern,  are  the 
winter  solstice  and  autumnal  equinox  of  the  southern  hemisphere. 
Kerertheiess,  as  the  most  densely  inhabited  and  civilized  parts  of 
the  globe  arc  in  the  northern  hemisphere,  the  names  in  reference  to 
the  local  phenomena  are  usually  preserved. 

2484«  Thb  Zopiac. — It  will  be  shown  hereafter  that  the  afh 
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parent  motions  of  the  planets  are  included  within  a  space  of  tlie 
celestial  sphere  extending  a  fbw  degrees  north  and  south  of  the 
eoliptie.  The  zone  of  the  heavens  iucluded  within  these  limits  is 
called  the  zodiac. 

2435.  The  signs  of  the  zodiac.  —  The  circle  of  the  zodiac  is  di- 
vided into  twelve  equal  parts,  called  signs,  each  of  which  therefore 
measures  30^.  They  are  named  from  principal  constellations,  or 
groups  of  stars,  which  are  placed  in  or  near  them.  Beginning 
Irom  the  vernal  equinozial  point,  they  are  as  follows  :— 


1.  Aries  (the  ram^ op  7.  Libra  (the  balance)  ^ rss 

2.  Tannis  (the  bml) /  ^  8.  Seorpio  (the  scorpion) Tf{, 

8.  Gemini  (the  twins) n  9.  Sagittarius  (the  archer) .....  ^ 

4.  Cancer  (the  crab) S3  10.  Caprioomns  (the  goat) yy 

5.  Leo  (the  lion) ^  11.  Aquarius  (the  waterman) ...  CC^ 

6.  Virgo  (the  virgin) nj;  12.  Pisces  (the  fishes) K 

Thus  the  position  of  the  vernal  equinoctial  point  is  the  first 
POINT  OF  ABiss,  and  that  of  the  autumnal  the  first  point  of 
libra.  The  summer  solstitial  point  is  at  the  first  point  of 
OANOER,  and  the  winter  at  the  first  point  of  oaprioorn. 

2436.  The  tropics.  —  The  points  of  the  ecliptic  at  which  the 
centre  of  the  sun  is  most  distant  from  the  celestial  equator  are  also 
called  the  tropics, — the  northern  being  the  tropic  of  canoer, 
and  the  southern  the  tropic  of  Capricorn. 

This  term  tropic  is  also  applied  in  geography  to  those  parts  of 
the  earth  whose  distances  from  the  terrestrial  equator  are  equal  to 
the  greatest  distance  of  the  centre  of  the  solar  disk  from  the  celes- 
tial equator.  The  northern  tropic  is,  therefore,  a  parallel  of 
latitude  23^  28'  north,  and  the  southern  tropic  a  parallel  of 
latitude  23^  28'  souUi  of  Uie  terrestrial  equator. 

2437.  CdesHal  latitude  and  longitude. — The  terms  latitude  and 
longitude,  as  applied  to  objects  on  the  heavens,  have  a  signification 
dififerent  from  that  given  to  them  when  applied  to  places  upon  the 
earth.  The  latitude  of  an  object  on  the  heavens  means  its  diatanoe 
from  the  ecliptic,  measured  in  a  direction  perpendicular  to  the 
ecliptic ;  and  its  longitude  is  the  arc  of  the  ecliptic,  between  the 
first  point  of  Aries  and  the  circle  which  measures  its  latitude^ 
taken,  like  the  right  ascension,  according  to  the  order  of  the  signs. 

Thus,  since  the  centre  of  tiie  sun  is  always  on  the  ecliptic,  ita 
latitude  is  always  0^.  At  the  vernal  equinox  its  longitade  is  0^,  at 
the  summer  solstice  it  is  90^,  at  the  autumnal  equinox  180*^,  and  at 
the  winter  soktice  270"". 

2488.  Annual  motion  of  the  earth.  —  The  apparent  annual  mo- 
tion of  the  sun,  described  above,  is  a  phenomenon  which  can  odIj 
proceed  from  one  or  other  of  two  causes.  It  may  arise  from  a  real 
annual  revolution  of  the  sun  round  the  earth  at  rest^  or  from  a  real 
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leToIatioD  of  the  earth  round  the  sun  at  rest  Either  of  these 
causes  would  explain,  in  an  equallj  satisfactory  manner,  all  the  cir- 
eumstanoes  attendiDg  the  apparent  annual  motion  of  the  sun  around 
the  firmament.  There  is  nothing  in  the  appearance  of  the  sun 
itself  which  could  give  a  greater  probability  to  either  of  these  hy- 
potbeses  than  to  the  other.  *  If,  therefore,  we  are  to  choose  between 
them,  we  must  seek  the  grounds  of  choice  in  some  other  oircum* 


It  was  not  until  the  reviyal  of  letters  that  the  annual  motion  of 
die  earth  was  admitted.  Its  apparent  stability  and  repose  were 
until  then  umyersally  maintained.  An  opinion  so  long  and  so 
deeply  rooted  must  have  had  some  natural  aod  intelligible  grounds. 
These  grounds,  undoubtedly,  are  to  be  found  only  in  the  general  im- 
piessiooy  that  if  the  globe  moved,  and  especially  if  its  motion  had 
so  enormous  a  velocity  as  must  be  imputed  to  it,  on  the  supposition 
that  it  moves  aanuaUy  round  the  sun^  we  must  in  some  way  or 
other  be  sensible  of  such  movement 

All  the  reasons,  however,  why  we  are  unconscious  of  the  real  ro- 
tation of  the  earth  upon  its  axis  (2350)  are  equally  applicable  to 
show  why  we  must  be  unconscious  of  the  progressive  motion  of  the 
earth  in  its  annual  course  round  the  sun.  The  motion  of  the  globe 
thnmxh  space  being  perfectly  smooth  and  uniform,  we  can  have  no 
senaiUe  aieans  of  knowing  it,  exoept  those  which  we  possess  in  the 
case  of  a  boat  moving  smoothly  alons  a  river :  that  is,  by  looking 
alnoad  at  some  external  objects  which  do  not  participate  in  the  mo- 
tion imputed  to  the  earth.  Now,  when  we  look  abroad  at  such 
objeetB,  we  find  that  they  appear  to  move  exactly  as  stationary  ob^ 
jeets  would  appear  to  move,  seen  from  a  moveaole  station.  It  is 
plain,  then,  if  it  be  true  that  the  earth  really  has  the  annual  motion 
nrand  the  sun  which  is  contended  for,  that  we  cannot  expect  to  be 
eoosaooa  of  this  motion  from  anything  which  can  be  observed  on 
our  own  bodies  or  those  which  surround  us  on  the  surface  of  the 
earth :  we  must  look  for  it  elsewhere. 

But  it  will  be  contended  that  the  apparent  motion  of  the  sun, 
even  upon  the  argument  just  stated,  may  equally  be  explained  by 
the  motion  of  the  earth  round  the  sun,  or  the  motion  of  the  sun 
round  the  earth ;  and  that,  therefore,  this  appearance  can  still  prove 
nothing  positively  on  this  question.  We  have,  however;  other 
proofe,  of  a  very  decisive  character. 

Newton  showed  that  it  was  a  general  law  of  nature,  and  part,  in 
fret,  of  the  prinoinle  of  gravitation,  that  any  two  globes  placed  at  a 
diatanoe  from  each  oUier,  if  they  are  in  the  first  instance  quiescent 
and  free,  must  move  with  an  accelerated  motion  to  their  common 
centre  of  gravity,  where  they  will  meet  and  coalesce }  but  if  they 
be  projeeted  in  a  direction  not  passing  through  this  centre  of  gravity, 
they  will  both  of  them  revolve  in  orbits  around  that  point  periodically 
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Now  it  will  appear  hereafter  that  the  commoii  centxe  of  gravity 
of  the  earth  and  sun,  owing  to  the  immense  preponderance  of  the 
mass  of  the  sun  (309),  is  placed  at  a  point  very  near  the  centre  of 
the  sun.     Ronnd  that  point,  therefore,  the  earth  most,  according  to. 
thb  principle,  revolye. 

2439.  Motion  of  light  proves  the  anilual  motion  of  the  earth, — 
Since  the  principle  of  gravitation  itself  might  be  considered  as  more 
or  less  hypothetical,  it  has  been  considered  desirable  to  find  other 
independent  and  more  direct  proofs  of  a  phenomenon,  so  fandamen- 
tally  important,  and  so  contrary  to  the  firat  impressions  of  mankind, 
as  the  revolution  of  the  earth  and  the  qniescenoe  of  the  sun.  A 
remarkable  evidence  of  this  motion  has  been  accordingly  discovered 
in  a  vast  body  of  apparently  complicated  phenomena  which  are  the 
immediate  effects  of  such  a  motion,  which  could  not  be  explained 
if  the  earth  were  at  rest  and  the  sun  in  motion,  and  which,  in  fine, 
would  be  inexplicable  on  any  other  supposition  save  the  revolution 
of  the  earth  round  the  sun. 

It  has  been  ascertained,  as  has  been  already  explained^  that  light 
is  propagated  through  space  with  a  certain  mat  but  definite  velocity 
of  about  192,000  miles  per  second.  That  light  has  this  velocity  is 
proved  by  the  body  of  optical  phenomena  which  cannot  be  explained 
without  imputing  to  it  such  a  motion,  and  which  are  perfectly  ex- 
plicable if  such  a  motion  be  admitted.  Independently  of  this, 
another  demonstration  that  light  moves  with  this  velocity  is  supplied 
by  an  astronomical  phenomenon  which  will  be  noticed  in  a  snbee- 
qnent  part  of  this  volume. 

2440.  Aberration  of  light.  —  Assuming,  then,  the  velocity  of 
light,  and  that  the  earUi  is  in  motion  in  an  orbit  round  the  sun  with 
a  velocity  of  about  19  miles  per  second,  which  must  be  its  speed  if 
it  move  at  all,  as  will  hereafter  appear,  an  effect  would  be  produced 
upon  the  apparent  places  of  all  celestial  objects  by  the  combination 
of  these  two  motions,  which  we  shall  now  explain. 

It  has  been  stated  that  the  apparent  direction  of  a  visible  object 
is  the  direction  from  which  the  visual  ray  enters  the  eye.  Now 
this  direction  will  depend  on  the  actual  direction  of  the  ray  if  the 
eye  which  receives  it  oe  quiescent;  but  if  the  eye  be  in  motion,  the 
same  effect  is  produced  upon  the  organ  of  sense  as  if  the  ray,  be- 
sides the  motion  which  is  proper  to  it,  had  another  motion  equal 
and  contrary  to  that  of  the  eye.  Thus,  if  light  moving  from  the 
north  to  the  south  with  a  velocity  of  192,000  miles  per  seoond  be 
struck  by  an  eye  moving  from  west  to  east  with  the  same  velocity, 
the  effect  produced  by  the  light  upon  tho  organ  will  be  the  same  as 
if  the  eye,  being  at  rest,  were  struck  by  the  light  having  a  motion 
compounded  of  two  equal  motions,  one  from  north  to  south,  and  the 
other  from  east  to  west.  The  direction  of  this  compound  effect 
would,  by  the  principles  of  the  composition  of  motion  (176),  be 
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eqmleiit  to  a  motion  from  the  directioti  of  the  north-east    The 

obj«et  from  which  the  light  comes  would,  therefore,  he  apparently 

displaced,  and  would  he  seen  at  a  point  heyond 

•  ?         o  that  which  it  really  occupies  in  the  direction 

\         \  in  which  the  eye  of  the  ohserver  is  moved. 

\         I  This  displacement  is  called  accordingly  the 

\  I  ABERKATION  0¥  UOHT. 

\       1  This  may  he  made  still  more  evident  hy  the 

\       i  foUowing  mode  of  illustration.    Let  o,  Jig.  717| 

be  the  object  from  which  light  comes  in  the 
direction  o  o  d*.  Let  e  be  the  place  of  the  eye 
of  the  observer  when  the  light  is  at  o,  and  let 
the  eye  be  supposed  to  move  from  e  to  e^'  in 
the  same  time  that  the  light  moves  from  o  to 
^^  Let  a  strught  tube  be  imagined  to  be  di- 
rected from  the  eye  at  «  to  the  light  at  o,  so 
that  the  light  shall  be  in  the  centre  of  its 
opening,  while  the  tube  moves  with  the  eye 
from  ot  to  d'  e^',  maintaining  constantly  the 
same  direction,  and  remaining  parallel  to  itself: 
the  light  in  moving  from  o  to  ^',  will  pass 
along  its  axis,  and  will  arrive  at  d'  when  the 
eye  arrives  at  that  point.  Now  it  is  evident 
that  in  this  case  the  direction  in  which  the 
object  would  be  visible,  would  be  the  direction 
of  the  axis  of  the  tube,  so  that,  instead  of 
appearing  in  the  direction  oo,  which  is  its 
tme  direction,  it  would  appear  in  the  direction  o  (/  advanced  from 
0  in  the  direction  of  the  motion  e  t^'  with  which  the  observer  is 
deeted. 

The  motion  of  light  being  at  the  rate  of  192,000  miles  per 
Kcood,  and  that  of  the  earth  (if  it  move  at  all)  at  the  rate  of  19 
Biles  per  second  (both  these  velocities  will  be  established  hereafter), 
it  follows,  that  the  proportion  of  oe^'  to  ee"  must  be  192,000  to 
19,  or  10,000,  to  L 

The  ANQLB  OF  ABERRATION  Ooo'  wiU  Vary  With  the  obliquity 
cf  the  direction  e  e"  of  the  observer's  motion  to  that  of  the  visual 
nj  o^\  In  all  cases  the  ratio  of  oe"  to  ee''  will  be  10,100  to  1. 
If  the  direction  of  the  earth's  motion  be  at  right  angles  to  the 
<iiRetk)n  oe*'  of  the  object  o,  we  shall  have  (2294)  the  aberration. 

206^265 
10,100 


iTg.ri7. 


176  ASTRONOMY. 

reotion  of  the  object  to  that  of  the  earth's  motion.  If  this  obli- 
quitj  be  expressed  bj  o,  we  shall  have  for  the  aberratioiiB  in  general 

a  =  2(y'42  X  sin.  o. 

According  to  this,  the  aberration  would  be  greatest  when  the  direc- 
tion of  the  earth's  motion  is  at  right  angles  to  that  of  the  object, 
and  would  decrease  as  the  angle  o  decreases,  being  nothing  when 
the  object  is  seen  in  the  direction  in  which  the  earth  is  moying,  or 
in  exactly  the  contrary  direction. 

The  phenomena  may  also  be  imagined  by  considering  that  the 
earthy  in  reyolving  round  the  s«n,  constantly  changes  the  direction 
of  its  motion ;  that  direction  making  a  complete  revolution  with  the 
earthy  it  follows  that  the  effect  produced  upon  the  apparent  place 
of  a  distant  object  would  be  the  same  as  if  that  object  really  re- 
yolved  once  in  a  year  round  its  true  place,  in  a  circle  whose  plane 
would  be  parallel  to  that  of  the  earth's  orbit,  and  whose  radios 
would  subtend  at  the  earth  an  angle  of  2(K''42,  and  the  object 
would  be  always  seen  in  such  a  circle  9Q^  in  advance  of  the  earth's 
place  in  its  orbit. 

These  circles  would  be  reduced  by  projection  to  ellipses  of  in- 
finitely various  excentricities,  according  to  the  position  of  the 
object  with  relation  to  the  plane  of  the  earth's  orbit.  At  a  point 
perpendicularly  above  that  plane,  the  object  would  appear  to  move 
annually  in  an  exact  circle.  At  points  nearer  to  the  ecliptic,  its 
apparent  path  would  be  an  ellipse,  the  excentricity  of  which  woald 
increase  as  the  distance  from  the  ecliptic  would  duninish,  aooording 
to  definite  conditions. 

Now,  all  these  apparent  motions  are  actually  observed  to  affect 
all  the  bodies  visible  on  the  heavens,  and  to  affect  them  in  precisely 
the  degree  and  direction  which  wocdd  be  produced  by  the  annual 
motion  of  the  earth  round  the  sun. 

As  the  supposed  motion  of  the  earth  round  the  sun  completely 
and  satisfactorily  explains  this  complicated  body  of  phenomena 
called  aberration,  while  the  motion  of  the  sun  round  the  earth 
would  altogether  fail  to  explain  them,  they  afford  another  striking 
evidence  of  the  annual  motion  of  the  earth. 

2441.  Argument  from  analogy,  —  In  fine,  another  argument  in 
favour  of  the  earth's  annual  motion  round  the  sun  is  taken  from 
its  analogy  to  the  planets,  to  all  of  which,  like  the  earth,  the  sun 
is  a  source  of  light  and  heat,  and  all  of  which  revolve  round  the 
sun  as  a  centre,  having  days,  nights,  and  seasons  in  all  respects 
similar  to  those  which  prevail  upon  the  earth.  It  seems,  therefore, 
contrary  to  all  probability,  that  the  earth  alone,  being  one  of  the 
planets,  and  by  no  means  the  greatest  in  magnitude  or  physical  im- 
portance, should  be  a  centre  round  which  not  only  the  sun,  but  all 
the  other  planets,  should  revolve. 
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2448.  Afimtal  paraBax, — ^If  the  earlih  be  admitted  to  move  an« 
muJlj  round  the  Boiiy  as  a  statiomury  oentre  in  a  ciicle  whoBO 
diuneter  must  have  the  vast  magnitade  of  200  millions  of  miles, 
all  obserren  placed  upon  the  earth,  seeing  distant  objects  from 
points  of  view  so  extremely  distant  one  from  the  other  as  are  oppo- 
site extremities  of  the  same  diameter  of  such  a  circle,  mnst  neoes- 
sariljy  as  might  be  soppoeed,  see  these  objects  in  yeiy  difE^rent 
<£ree^on& 

?  Tooompreheiid  the  effect  which  might  be  expected  to  be  pro- 
dvead  upon  the  apparent  place  of  a  distant  object  by  such  a  motion, 
let  EB'  ^'  ^"7  fig-  718,  represent  the  earth's 
annual  course  round  Uie  sun  as  seen  in  per- 
sp&BtiTe,  and  let  o  be  any  distant  object 
visible  from  the  earth.  The  extremity  x 
of  the  line  xo,  which  is  the  visual  direction 
of  the  object,  being  carried  with  the  earth 
round  the  circle  eb's^x''',  will  annually 
describe  a  cone  of  which  the  base  is  the 
path  of  the  earth,  and  the  vertex  is  the 
place  of  the  object  o.  While  the  earth 
moves  round  the  circle  Ei/',  the  line  of 
visual  direction  would  therefore  have  a  cor- 
responding motion,  and  the  apparent^lace 
of  the  object  would  be  successively  changed 
with  the  change  of  direction  of  this  line. 
If  the  object  be  imagined  to  be  projected 
by  the  eye  upon  the  firmament,  it  would 
trace  upon  it  a  path  ocfd'  (/"^  which  would 
be  dreular  or  elliptical,  acoordins  to  the 
direction  of  the  object.  When  we  earth 
is  at  E,  the  object  would  be  seen  at  o;  and 
when  the  earth  is  at  e",  it  would  be  seen 
at  d'.  The  extent  of  this  apparent  dis- 
placement of  the  object  would  be  measured 
by  the  angle  e  o  e^',  which  the  diameter  E  li' 
of  the  earth's  path  or  orbit  would  subtend 
at  the  object  o. 

It  has  been  stated  that,  in  general,  the 
apparent  displacement  of  a  distant  visible 
object  prodoeed  b^  any  change  in  the  sta- 
tion from  which  it  is  viewed  is  called  paral> 
LAX.  That  which  is  produced  by  the 
ehange  of  position  due  to  the  diurnal  motion 
of  the  eaith  being  called  diubnal  pabal- 
i>AX,  the  oonesponding  displacement  due  to  the  annual  motion  of 
tk  earth  is  called  the  annual  parallax. 
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The  greatest  amount,  therefore,  of  the  anncud  parallas  for  any 
proposed  object  is  the  angle  which  the  semidiameter  of  the  earth's 
orbit  subtends  at  such  object,  as  the  greatest  amount  of  the  diurnal 
parallax  is  the  angle  which  the  semKSameter  of  the  earth  itself  sub- 
tends* at  the  object 

Now,  as  the  most  satisfactory  evidence  of  the  umual  motion  of 
the  earth  would  be  the  disoovery  of  this  displacement^  and  8ao> 
cessive  changes  of  apparent  position  of  all  objects  on  the  firmament 
oonseouent  on  such  motion,  the  absence  of  any  such  phenomenon 
nnist  be  admitted  to  constitute,  j>rtmayacie,  a  formidable  alignment 
against  the  earth's  motion. 

2443.  Its  effects  upon  the  bodies  of  the  solar  system  apparent  — 
The  effects  of  annual  parallax  are  observable,  and  indeed  are  of 
considerable  amount,  in  the  case  of  all  the  bodies  composing  the 
solar  system.  The  apparent  annual  motion  of  the  sun  is  altogether 
due  to  parallax.  The  apparent  motions  of  the  planets  and  other 
bodies  composing  the  solar  system  are  the  effects  of  parallax,  com- 
bined with  the  real  motions  of  these  various  bodies. 

2444.  But  erroneously/  eaplained  by  the  ancients — Ptolemaic 
^siem,  —  Until  the  annual  motion  of  the  earth  was  admitted,  these 
eflbcts  of  annual  parallax  on  the  apparent  motions  of  the  solar  sys- 
tem were  ascribed  to  a  very  complicated  system  of  real  motions  of 
these  liodies,  of  which  the  earih  was  assumed  to  be  the  stationary 
centre,  the  sun  revolving  around  it)  while  at  the  same  time  the 
planets  severally  revolved  round  the  sun  as  a  moveable  centre. 
This  hypothesis,  proposed  originally  by  ApoUonius  of  Perga,  a 
Grecian  astronomer,  some  centuries  before  the  birth  of  Christ,  re- 
ceived the  name  of  the  Ptolshaio  System,  having  been  devel- 
oped and  explained  by  Ptolemy,  an  Egyptian  astronomer  who 
flourished  in  the  second  century,  and  whose  work,  entitled  "  Syntax,'^ 
obtained  great  celebrity,  and  for  many  centuries  continued  to  be 
received  as  the  standard  of  astronomic^  science. 

Although  Pythagoras  had  thrown  out  the  idea  that  the  annual 
motion  of  the  sun  was  merely  apparent^  and  that  it  arose  from  a 
real  motion  of  the  earth,  the  natural  repugnancy  of  the  human 
mind  to  admit  a  sopposition  so  oontnuy  to  received  notions  pre 
vented  this  happy  anticipation  of  future  and  remote  discovery  from 
receiving  the  attention  it  merited;  and  Aristotle,  less  saflacious  tlian 
Pythagoras,  lent  the  great  weight  of  his  authority  to  Sie  contrary 
hypothesis,  which  was  accordingly  adopted  universally  by  the  learned 
world,  and  continued  to  prevail,  until  it  was  overturned  in  the  middle 
of  the  sixteenth  century,  by  the  celebrated  Copernicus,  who  revived 
the  Pythagorean  hypothesis  of  the  stability  of  the  sun  and  the 
motion  of  the  earth. 

2445.  Copemican  system.  —  The  hypothesis  proposed  by  him 
in  a  work  entitled  <<  De  Bevolntionibua  Orbium  Cwlestium/'  pnb- 
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liBbed  in  1548,  at  the  uoment  of  hifl  death,  is  that  sinee  known  as 
the  CoPEBNiOAN  System,  and,  being  now  established  upon  evi- 
denoe  sufficiently  demonstrative  to  divest  it  of  its  hypothetical 
chaiaeter,  is  admitted  as  the  exposition  of  the  actual  movements  by 
whieh  that  part  of  the  universe  called  the  solar  system  is  affected. 

2446.  Eff&cU  of  annwd  parallax  of  the  ttars.  —  The  greatest 
difficulty  against  which  the  Copernican  system  has  had  to  struggle, 
even  am<»ig  the  most  enlightened  of  its  opponents,  has  been  tbo 
absence  of  all  apparent  effects  of  parallax  among  the  fixed  stars, 
those  objects  which  are  scattered  in  such  countless  numbers  over 
every  part  of  the  firmament  From  what  has  been  explained,  it 
will  be  pereeived  that,  supposine  these  bodies  to  be,  as  they  evi- 
dently must  be,  pkoed  at  vast  distances  outside  the  limits  of  the 
solar  system  and  in  every  imaginable  direction  around  it,  the  effects 
of  annual  parallax  would  be  to  give  to  each  of  them  an  apparent 
annual  motion  in  a  circle  or  ellipse,  according  to  their  direction  in 
relation  to  the  position  of  the  earth  in  its  orbit,  the  ellipse  varying 
in  its  eoeentrieity  with  this  position,  and  the  diameter  of  the  circle 
or  major  axis  of  the  ellipse  being  determined  by  the  angle  whidi 
the  diameter  ss''  (fig.  718)  of  the  earth's  orbit  subtends  at  the 
star,  being  less  the  greater  the  distanee  of  the  star,  and  vice  ver$i. 
The  apparent  position  of  the  star  in  this  circle  or  ellipse  would  be 
evidently  always  in  the  plane  passing  through  the  star  and  the  line 
joining  the  sun  and  earth. 

2447.  CloBe  resemblance  of  these  to  aberration.  —  Now,  it  will  be 
apparent,  that  such  j^enomena  bear  a  very  dose  resemblance  to 
those  of  aberration  already  described  (2440).  In  both  the  stars 
appear  to  move  annually  in  small  circles  when  situate  90^  from  the 
ediptic;  in  both  they  appear  to  move  in  small  ellipses  between  that 
position  and  the  ecliptic;  in  both  the  eoeentricities  of  the  ellipses 
increase  in  approaching  the  ecliptic;  and  in  both  the  ellipses  flatten 
into  their  transverse  axis  when  the  object  is  actually  in  the  ediptio. 

2448.  Yet  aberration  cannot  arise  Jrom  paraUax.  —  Notwith- 
standing this  close  correspondence,  the  phenomena  of  aberration  are 
utterly  inoompatible  with  the  effects  of  annual  parallax.  The  ap< 
parent  displacement  produced  by  aberratic»i  is  always  in  the  diree 
tion  of  the  earth's  motion,  that  is  to  say,  in  the  direction  of  the 
tangent  to  the  earth's  orbit  at  the  point  where  the  earth  happens  to 
be  placed.  The  apparent  displacement  due  to  parallax  would,  on  tb« 
contrary,  be  in  the  direction  of  the  line  joining  the  earth  and  sun. 
The  ^parent  axis  of  the  ellipse  or  diameter  of  the  drcle  of  aberra- 
tion is  exactly  the  same,  that  is  20"-42,  for  all  the  stars;  while  the 
apparent  axis  of  the  ellipse  or  diameter  of  the  circle  due  to  annual 
pndlax  would  be  different  for  stars  at  different  distances,  and  would 
Tsvj,  in  fut,  in  the  inverse  ratio  of  the  distance  of  the  star,  and 
could  not  thcrofore  be  the  same  for  all  stars  whatever,  except  on  the 
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gapposilaoii  that  all  stars  are  at  the  same  distanoe  from  the  Bohur 
system,  a  sapposition  that  cannot  be  entertained. 

2449.  General  absence  of  paraUax  eo^lained  by  great  distance. 
—  Since,  then,  with  two  or  three  exoeptionS|  which  will  be  notioed 
hereafter,  no  traces  of  the  effects  of  annual  parallax  have  been  dis- 
covered among  the  innnmerable  fixed  stars  by  which  the  solar  sys- 
tem is  surronnded,  and  since,  nevertheless,  the  annual  motion  of  the 
earth  in  its  orbit  rests  upon  a  body  of  evidence  and  is  supported  by 
arguments  which  must  be  regarded  as  conclusive,  the  absence  of 
parallax  can  only  be  ascribed  to  the  fiiot  that  the  stars  generally  are 
placed  at  distances  from  the  solar  system  compared  with  which  the 
orbit  of  the  earth  shrinks  into  a  point,  and  therefore  that  the  mo- 
tion of  an  observer  round  this  orbit,  vast  as  it  may  seem  compared 
with  all  our  familiar  standards  of  magnitude,  produces  no  more  ap- 
parent displacement  of  a  fixed  star  than  the  motion  of  an  animaleule 
round  a  grain  of  mustard  seed  would  produce  upon  the  apparent 
direction  of  the  moon  or  sun. 

We  shall  return  to  the  subject  of  the  annual  parallax  of  the  stars 
in  a  subsequent  chapter. 

2450.  The  diurnal  a/nd  annual  phenomena  eog^datned  by  the  two 
motums  of  the  earth,  —  Considering,  then,  the  annual  revolutioQ  of 
the  earth,  as  well  as  its  diurnal  rotation,  established,  it  remains  to 
show  how  these  two  motions  will  explain  the  various  phenomena 
manifested  in  the  succession  of  seasons. 

While  the  earth  revolves  annually  round  the  sun,  it  has  a  motion 
of  rotation  at  the  same  jdme  upon  a  certain  diameter  as  an  axis, 
which  is  inclined  from  the  perpendicular  to  its  orbit  at  an  angle  of 
23^  28'.  During  the  annual  motion  of  the  earth  this  diameter 
keeps  continually  parallel  to  the  same  direction,  and  the  earth  com- 
pletes its  revolution  upon  it  in  twenty-three  hours  and  fifty-six 
minutes.  In  consequence  of  the  combination  of  this  motion  of  ro- 
tation of  the  earth  upon  its  axis  with  its  annual  motion  round  the 
sun,  we  are  supplied  with  the  alternations  of  day  and  night,  and 
the  succession  of  seasons. 

When  the  globe  of  the  earth  is  in  such  a  position  that  lis  north 
pole  leans  toward  the  sun,  the  greater  portion  of  its  northern  hemi- 
sphere is  enlightened,  and  the  greater  portion  of  the  southern  hemi- 
sphere is  dark.  This  position  is  represented  in  fig,  719,  where  n 
is  the  north  pole,  and  s  the  south  pole.  The  days  are  therefore 
longer  than  the  nights  in  the  northern  hemisphere.  The  reverse 
is  the  case  with  the  southern  hemisphere,  for  there  the  greater  seg- 
ments of  the  parallels  are  dark,  and  the  lesser  segments  enlightened  ; 
the  days  are  therefore  shorter  than  the  nights.  Upon  the  equator, 
however,  at  jb,  the  circle  of  the  earth  is  equally  divided,  and  the 
days  and  nights  are  equal.  When  the  south  pole  leans  towards  the 
sun,  which  it  does  exactly  at  the  opposite  point  of  the  earth's  au- 
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nual  orbi^  circumstances  toe  reversed :  then  the  days  are  longer 
thui  the  nights  in  the  southern  hemisphere^  and  the  nights  aro 


K.  719. 


Fig.  720. 


longer  than  ihe  days  in  the  northern  hemisphere.  At  the  interme- 
dkte  pdntB  of  the  earth's  annual  path^  when  the  axis  assumes  a 
position  perpendicular  to  the  direction  of  the  sun,  Jig,  720|  then 
the  cirele  of  light  and  darkness  passes  through  the  poles ;  all  paral- 
lels in  etery  part  of  the  earth  are  equally  divided^  and  there  is  con- 
sequently eqoal  day  and  night  all  over  the  glohe. 

In  the  annexed  perspective  diagram^^.  721,  these  four  positions 
ci  the  earth  are  exhibited  in  such  a  manner  as  to  be  clearly  intel- 
li§^e. 


m£^\ 


i&Jtf3if 


Fig.  721. 

On  the  day  of  the  2l8t  of  June,  the  north  pole  is  turned  in  the 
direction  of  the  sun ;  on  the  21st  of  December,  the  south  pole  is 
turned  in  that  direction.  On  the  days  of  the  equinoxes,  the  axis 
of  the  earth  is  at  right  angles  to  the  direction  of  the  sun,  and  it  is 
equal  day  and  night  everywhere  on  the  earth. 

The  annual  variation  of  the  position  of  the  sun  with  reference  to 
the  equator,  or  the  changes  of  its  declination,  are  explained  by  these 
motions.    The  summer  solstice  —  the  time  when  the  sun's  distance 
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from  the  equator  is  the  greatest —  takes  place  when  the  north  pole 
leans  towards  the  sun ;  and  the  winter  solstice  —  or  the  time  when 
the  sun's  distance  south  of  the  equator  is  greatest — takes  place 
when  the  south  pole  leans  toward  the  sun. 

In  virtue  of  these  motions,  it  follows  that  the  sun  is  twioe  a  year 
vertical  at  all  pkoes  between  the  tropics;  and  at  the  tropics  them- 
selves it  is  vertical  once  a  year.  In  all  higher  latitudes  the  point 
at  which  the  sun  passes  the  meridian  daily  alternately  approaches  to 
and  recedes  from  the  zenith.  From  the  21st  of  December  until  the 
2l8t  of  June,  the  point  continually  approaches  the  senith.  It 
comes  nearest  to  the  senith  on  the  2ist  of  June;  and  from  that  day 
until  the  2l8t  of  December,  it  continually  recedes  from  the  senith, 
and  attains  its  lowest  position  on  the  latter  day.  The  difference, 
therefore,  between  the  meridional  altitudes  of  the  sun  on  the  days 
of  the  summer  and  winter  solstices  at  all  places  will  be  twice 
twentv-three  degrees  and  twenty-eight  minutes,  or  forty-six  degrees 
and  fifty-six  minutes.  In  all  places  beyond  the  tropics  in  the 
northern  hemisphere,  therefore,  the  sun  rises  at  noon  on  the  21st 
of  June,  forty-six  degrees  and  fifty-six  minutes  higher  than  it  rises 
on  the  21st  of  December.  These  are  the  limits  of  meridional  alti- 
tude which  determine  the  influence  of  the  sun  in  different  places. 

2451.  Mean  solar  or  civil  time,  —  It  has  been  explained  that  the 
rotation  of  the  earth  upon  its  axis  is  rigorously  uniform,  and  is  the 
only  absolutely  uniform  motion  among  the  many  and  complicated 
motions  observable  on  the  heavens.  This  quality  would  render  it 
a  hishly  convenient  measure  of  time,  and  it  is  accordingly  adopted 
for  that  purpose  in  all  observatories.  The  hands  of  a  sidereal  clock 
move  in  perfect  accordance  with  the  apparent  motion  of  the  fir- 
mament. 

But  for  civil  purposes,  uniformity  of  motion  is  not  the  only  con- 
dition which  must  \id  fulfilled  by  a  measure  of  time.  It  is  equally 
indispensable  that  the  intervals  into  which  it  divides  duration  should 
be  marked  by  conspicuous  and  universally  observable  phenomena. 
Now  it  happens  that  the  intervals  into  which  the  diurnal  revolution 
of  the  heavens  divides  duration,  are  marked  by  phenomena  which 
astronomers  alone  can  witness  and  ascertain,  but  of  which  mankind 
in  general  are,  and  must  remain,  altogether  unconscious. 

2452.  Ciml  day  —  noon  and  midnight.  —  For  the  purposes  of 
common  life,  mankind  by  general  consent  has  therefore  adopted  the 
interval  between  the  successive  returns  of  the  centre  of  the  sun's 
disk  to  the  meridian,  as  the  unit  or  standard  measure  of  time.  This 
interval,  called  a  oiviL  DAT,  is  divided  into  24  equal  parts  called 
HOURS,  which  are  again  subdivided  into  minutes  and  seconds  as 
already  explained  in  relation  to  sidereal  time.  The  hours  of  the 
civil  day,  however,  are  not  counted  from  0  to  24,  as  in  sidereal  time, 
but  are  divided  into  two  equal  parts  of  12  hours,  one  commencing 
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whea  Ae  centre  of  Uie  san  is  on  the  meridian,  the  moment  of  which 
is  called  NOON  or  mid-bay;  and  the  other  12  hours  later,  when  the 
eeDtre  of  the  sun  mnst  pass  the  meridian  below  the  horizon^  the 
moment  of  which  is  midnight. 

For  civil  pnipose,  this  latter  moment  has  been  adopted  as  the 
commenoement  of  one  daj^  and  the  end  of  the  other. 

2453.  Difference  between  mean  solar  and  ndereai  time. — lA 
solar  day  is  evidently  longer  than  a  sidereal  day.  If  the  snn  did 
BOt  change  its  position  on  the  firmament,  its  centre  would  return  to 
the  meridian  alter  the  same  interval  that  elapses  between  the  sue- 
eoaye  transits  of  a  fixed  star.  But  since  the  snn,  as  has  been 
explained,  moyes  at  the  rate  of  abont  1^  per  day  from  west  to 
east,  and  once  this  motion  takes  place  upon  the  ecliptic,  which  is 
nidhied  to  the  equator  at  an  angle  of  23^  28',  the  centre  of  the  sun 
increases  its  right  ascension  from  day  to  day,  and  this  increase  varies 
aeondiDg  to  its  position  on  the  ecliptic.  When  the  circle  of  decH- 
oation  on  which  the  centre  of  the  sun  is  placed  at  noon  on  one  day 
returns  to  the  meridian  the  next  day,  the  centre  of  the  sun  will  have 
left  it,  and  will  be  found  upon  another  circle  of  declination  to  the 
east  of  it;  and  it  will  not  consequently  oome  to  the  meridian  until  a 
few  minutes  later,  when  this  other  circle  of  declination,  by  the  di- 
vznal  motion  of  the  heavens,  shall  come  to  coincide  with  the  meridian. 

Hence  the  solar  day  is  longer  than  the  sidereal  day. 

2454.  Difference  hettoeen  apparent  noon  and  mean  noon,  —  But 
BDce,  from  the  cause  just  stated  and  another  which  will  be  presently 
explained,  the  daily  increase  of  the  sun's  right  ascension  is  variable, 
the  dilFerenoe  between  a  sidereal  day  and  £e  interval  between  the 
neeessiTe  transits  of  the  sun  is  likewise  variable,  and  thus  it  would 
hSkm  that  the  solar  days  would  be  more  or  less  unequal  in  length. 

2455.  Mean  »olar  time — Equation  of  time,  —  Hence  has  arisen 
an  expedient  adopted  for  civil  purposes  to  efiace  this  inequality.  An 
imaginary  snn  is  conceived  to  accompany  the  true  sun,  making  the 
complete  revolution  of  the  heavens  with  a  rigorously  uniform  increase 
of  ngfat  ascension  from  hour  to  hour,  while  the  increase  of  the  right 
aseension  of  the  true  snn  thus  varies.  The  time  measured  by  the 
motion  of  this  imaginary  sun  is  called  mean  solar  time,  and  the 
time  measured  by  the  motion  of  the  true  sun  is  called  apparent 

80LAATIMX. 

The  di&renoe  between  the  apparent  and  mean  solar  time  is  called 

the  "  EQUATION  OF  TIME.'' 

The  variation  of  the  incresse  of  the  sun's  right  ascension  being 
confined  within  narrow  limits,  the  true  and  imaginary  suns  can  never 
be  fax  asunder,  and  consequently  the  difiereuce  between  mean  and 
q)Iitte&t  time  is  never  considerable. 
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The  time  indicated  by  a  son-dial  is  apparent  lame;  that  indiealed 

by  an  exactly  regulated  clock  or  watch  is  mean  time. 

The  correctioQ  to  be  applied  to  apparent  time,  to  reduce  it  to 
mean  time,  is  often  engraved  on  sun-dialS;  where  it  is  stated  how 
much  "  the  sun  is  too  fast  or  too  slow/' 

2456.  Distance  of  the  sun,  —  Although  the  problem  to  determine 
with  the  greatest  praotical  precision  the  distance  of  the  sun  from  the 
earth  is  attended  with  great  difficulties,  many  phenomena  of  easy 
observation  supply  the  means  of  ascertaining  that  this  distance  mast 
bear  a  very  great  proportion  to  the  earth's  diameter,  or  must  be 
such  that,  by  comparison  with  it,  a  line  8000  miles  in  lengtli  is 
almost  a  point.  If,  for  example,  the  apparent  distance  of  the  centre 
of  the  sun  from  any  fixed  star  l^  observed  simultaneously  from  two 
places  upon  the  earth,  no  matter  how  far  they  are  apart,  no  difference 
will  bo  discovered  between  them,  unless  means  of  observation  sus- 
ceptible of  extraordinary  precision  be  resorted  to.  The  expedients 
by  which  tb^e  apparent  displacement  of  the  sun's  centre  by  a  change 
of  position  of  the  observer  from  one  extremity  of  a  diameter  of  the 
earth  to  the  other,  or,  what  is  the  same,  the  apparent  magnitude  of 
the  diameter  of  the  earth  as  it  would  be  seen  from  the  sun,  has  been 
ascertained,  will  be  explained  hereafter.  Meanwhile,  however,  it 
may  be  stated  that  this  visual  angle  amounts  to  no  more  than  17'' *2, 
or  about  the  hundredth  part  of  the  apparent  diameter  of  the  son  as 
seen  from  the  earth. 

.  Supplied  with  this  datum,  and  the  actual  magnitude  of  the  diame- 
ter of  the  earth,  we  can  calculate  the  distance  of  the  sun  by  the  rulo 
exphdned  in  2298.  If  r  express  the  distance  of  the  sun,  and  a  the 
diameter  of  the  earth,  we  shall  have 

2,062,660 
r  =  -^J^ — Xa  =:11,992X  a. 

It  appears,  therefore,  that  the  distance  of  the  sun  is  equal  to  11,992 
diameters  of  the  earth,  and  since  the  diameter  of  the  earth  measures 
about  7900  miles  (2389),  the  distance  of  the  sun  must  be 

11,992  X  7900  =  94,736,800  miles. 
or  very  nearly  ninety-five  millions  of  miles. 

Since  the  mean  distance  of  the  earth  from  the  sun  has  been 
adopted  as  the  unit  or  standard,  with  reference  to  which  astronomical 
distances  generally  are  expressed,  it  is  of  the  highest  importance  to 
ascertain  its  value  with  the  greatest  precision  which  our  means  of 
observation  and  measurement  admit.  By  elaborate  calculations, 
based  upon  the  observations  made,  in  1769,  on  the  transit  of  Venas, 
it  has  accordingly  been  shown  by  Professor  Enckd,  that  when  the 
earth  is  at  its  mean  distance  from  the  sun,  the  semidiameter  o£  the 
terrestrial  equator  subtends  at  the  sun  an  angle  of  8"'5776.  This 
is  therefore  the  mean  equatorial  horizontal  parallax  of  the  sun  ;   and 


ASHUAL  MOTION  OF  THB  EARTH.  185 

if  req»e«  the  Bemidkmeter  of  the  equator,  and  d  the  mean  distance 
of  the  earth  from  the  son,  we  shall  therefore  have 
206266  ^,.,^ 

^=8:6776^'  =  ^^*^^^''' 
and  since  the  aemidiameter  of  the  equator  measures  3962-8  miles 
(2389),  it  follows  that 

D  =  95,293,452. 
SiDoe  all  the  nameiical  results  of  observation  and  measurement 
are  liable  to  some  amount  of  error,  it  is  important,  when  precision 
18  lequixed,  to  know  the  limit  of  this  error,  in  order  to  appreciate 
the  extent  to  which  such  results  are  to  be  relied  upon.  In  all  cases 
this  is  possible,  a  major  and  minor  limit  of  the  computed  or  observed 
qoaatitjr  being  assignable,  which  cannot  be  exceeded.  In  the  present 
ene  the  valne  of  D  cannot  vary  from  the  truth  by  more  than  its 
three-hnndredth  part;  that  is  to  say,  the  actual  mean  distance  of 
the  earth  from  the  sun,  or  the  semiaxis  major  of  the  orbit,  cannot 
beioeater  than 

95,293,452  +  117,645  =  95,411,097  miles, 
or  less  *^^" 

95,298,452—117,645  =  95,175,807  miles. 

2457.  Linear  value  o/  V  at  the  mn'$  diitanee.  —  By  what  has 
been  ezplaioed  in  2298,  it  appears  that  the  linear  value  of  1"  at  the 
nn'a  distanee  is 

95,000,000     ...     „ 
206,265    =^gg'°^««- 

2458.  Daily  and  "hourly  apparent  motion  of  the  run,  and  real 
motion  of  the  earth, — Since  the  sun  moves  over  360^  of  the  heavens 
in  365^  days,  its  daily  apparent  motion  must  be  59^-14,  or  3548'', 
which  being  about  twice  the  sun's  apparent  diameter,  it  is  easy  to 
remember  Uiat  the  disk  of  the  sun  appears  to  move  in  the  firmament 
daily  over  a  space  nearly  equal  to  twice  its  own  apparent  diameter. 
Its  hourly  apparent  motion  is 

24 

Ssee  1"  at  the  sun's  distance  is  equal  to  466  miles,  and  since  the 
real  orbitoal  motion  is  equal  to  that  which  the  sun  would  have  if  it 
moved  round  the  earth  in  a  year,  it  follows  that  the  daily  orbitual 
motioQ  of  the  earth  is 

8548  X  466  =  1,653,368  miles, 
and  its  motions  per  hour,  minute,  and  second,  are 
68,890  miles  per  hour, 
1,148  miles  per  minute, 
19  1  miles  per  second. 
16* 
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2459.  Orlti  of  the  earik  eUtptiedl.  •*»  In  what  preoedes,  we  havB 
considered  the  path  of  the  earth  around  the  sqd,  called  bj  astfo- 
nomers  its  orbit,  to  be  a  circle,  in  the  centre  of  which  the  centre 
of  the  san  is  placed.  This  is  nearly  true,  but  not  exactly  so,  as 
will  appear  from  the  following  observed  phenomena. 

Let  a  telescope  supplied  with  the  micrometric  wires  described  in 
2317,  be  directed  to  the  sun,  and  the  wires  so  adjusted  that  they 
shall  exactly  touch  the  upper  and  lower  limbs,  as  in/i^.  722.  Liet 
the  observer  then  watch  from  day  to  day  the  appearance  of  the  sun 


m  XL  n. 


Fig.  722.  Pig.  728.  Pig.  724. 

and  the  position  of  the  wires;  he  will  find  that,  after  a  certain  time, 
the  wires  will  no  longer  touch  the  sun,  but  will  perhaps  fall  a  little 
within  it,  as  represented  in /iff.  723.  And  after  a  further  lapse  of 
time,  he  will  find,  on  the  oUier  hand,  that  they  fall  a  little  witkoat 
it,  as  in /y.  724. 

Now,  as  the  wires  throughout  such  a  series  of  observations  are 
maintained  always  in  the  same  position,  it  follows  that  the  disk  of 
the  sun  must  appear  smaller  at  one  time,  and  larger  at  another  — 
that,  in  fact,  the  apparent  magnitude  of  the  sun  must  be  variable. 
It  is  true  that  this  variation  is  confined  within  very  small  limits,  but 
still  it  is  distinctly  perceptible.  What,  then,  it  may  be  asked,  most 
be  its  cause  ?  Is  it  possible  to  imagine  that  the  sun  really  under* 
goes  a  change  in  its  size  f  This  idea  would,  under  any  circam- 
stances,  be  absurd ;  but  when  we  have  ascertained,  aa  we  may  do, 
that  the  change  of  apparent  magnitude  of  the  sun  is  regular  and 
periodical  —  that  for  one  half  of  the  year  it  continually  diminishes 
until  it  attains  a  minimum,  and  then  for  the  next  half  year  it 
increases  until  it  attains  a  maximum  —  such  a  supposition  as  that 
of  a  real  periodical  change  in  the  globe  of  the  sun  becomes  altogether 
incredible. 

If,  then,  an  actual  change  in  the  maguitude  of  the  sun  be  impos- 
sible, there  is  but  one  other  conceivable  cause  for  the  change  in  its 
apparent  magnitude  —  which  is,  a  corresponding  change  in  the 
earth's  distance  from  it.  If  the  earth  at  one  time  be  more  remote 
than  at  another,  the  sun  will  appear  proportionally  smaller.  This 
is  an  easy  and  obvious  explanation  of  the  changes  of  appearance 
that  are  observed,  and  it  has  been  demonstrated  aecordingly  to  bo 
the  true  one. 

On  examining  the  change  of  the  apparent  diameter  of  the  sun,  it 
is  found  that  it  is  least  on  the  1st  of  July,  and  greatest  on  the  Slst 
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of  Deeember;  that  £rom  December  to  Jnlj,  it  regularly  decreases; 
and  from  July  to  Deeember,  it  regularly  inoreases. 

Sinee  the  dbtauce  of  the  earth  from  the  sun  must  iucrease  in  the 
aame  ratio  as  the  apparent  diameter  of  the  sun  decreaaee,  and  vice 
vend  (1118),  the  variation  of  the  distance  of  the  earth  from  the  sun 
in  eveiy  position  which  it  assumes  in  its  orbit  can  be  exaotly  ascer" 
tainol.  A  plan  of  the  form  of  the  orbit  may  therefore  be  laid 
down,  having  the  point  occupied  by  the  centre  of  the  sun  marked  in 
it  Such  a  plan  proves  on  geometric  examination  to  be  an  ellipse, 
tbe  place  of  the  sun  being  one  of  the  fod. 

2460.  Method  of  describing  an  ellipse  —  its  foci,  axis,  and  eccen- 
tricity. —  If  the  ends  of  a  thread  be  attached  to  two  points  less 
distant  from  each  other  than  its  entire  length,  and  a  pencil  be  looped 
in  the  thread,  and  moved  round  the  points,  so  as  to  keep  the  thread 
tight;  it  will  trace  an  ellipse,  of  which  the  two  points  are  the  £OCl. 
The  line  drawn  joining  the  foci,  continued  in  both  directions  to 
tbe  ellipse,  is  called  its  xaANsys&SE,  or  major  axis. 

Another  line,  passing  through  the  middle  point  of  this  at  right 
ngles  to  it,  is  called  its  minor  axis. 

The  middle  point  of  the  major  axis  is  called  the  centre  of  the 
eDipse. 

The  fractional  or  decimal  number  which  expresses  the  distance 
of  the  focus  from  the  centre,  the  semiaxis  major  being  taken  as  the 
unit,  is  called  the  eccentricity  of  the  ellipse. 

In  fig.  725,  0  is  the  centre,  s 
and  8  the  foci,  A  B  the  transverse 
axis. 

The  less  the  ratio  of  s  s'  to  A  B, 
or,  what  is  the  same,  the  less  the 
eccentricity  is,  the  more  nearly  the 
form  of  the  ellipse  approaches  to 
that  of  a  circle,  and  when  the  foci 
actually  coalesce,  the  ellipse  be- 
comes an  exact  circle. 

2461.  Eccentricity  of  the  earth* s 
orbit  —  The  eccentricity  of  the 
elliptic  orbit  of  the  earth  is  so  small,  that  if  an  ellipse,  representing 
truly  that  orbit,  were  drawn  upon  paper,  it  would  be  distinguishable 
from  a  circle  only  by  submitting  it  to  exact  measurement.  The 
eccentricity  of  the  orbit  has  been  ascertained  to  be  only  001679. 
The  semiaxis  major,  or  mean  distance,  being  10000,  the  greatest 
and  least  distances  of  the  earth  from  the  sun  will  be  — 

B  8 » 10000  +  001679  =  101679 
A  8  =  10000  —  001679  =  0-98321. 


P5g.  725. 


188  ASTRONOlfT. 

The  difference  between  these  extreme  distances  is,  therefore,  only 
0-03358.  So  that  the  difference  between  the  greatest  and  least 
distances  does  not  amount  to  so  much  as  four  hnndredths  of  the 
mean  distance. 

2462.  Ferikdion  and  aphdum  of  the  earth.  — The  positions  A 
and  B,  where  the  earth  is  nearest  to,  and  most  distant  from,  the 
Ban,  are  called  perihelion  and  aphelion. 

The  positions  of  these  points  are  ascertained  by  observing  the 
places  of  the  sun  when  its  apparent  diameter  is  greatest  and  least 

It  is  evident  from  what  has  been  stated  that  the  earth  is  in  aphe- 
lion on  1st  July,  and  in  perihelion  on  1st  January. 

Contrary  to  what  might  be  expected,  therefore;  the  earth  is  more 
distant  from  the  sun  in  summer  than  in  winter. 

2463.  Variations  of  temperature  through  the  year.  —  The  sno- 
ocssion  of  spring,  summer,  autumn,  and  winter,  and  the  variations 
of  temperature  of  the  seasons  —  so  far  as  these  variations  depend 
on  the  position  of  the  sun  —  will  now  require  to  be  explained. 

The  influence  of  the  sun  in  heating  a  portion  of  the  earth's  snr- 
&oe,  will  depend  partly  on  its  altitude  above  the  horisoiL  The 
greater  that  altitude  is,  the  more  perpendicularly  the  rays  will  hll, 
and  the  greater  will  be  their  calorific  effect. 

To  explain  this,  let  us  suppose  abod,^.  726,  to  represent  a 

beam  of  the  solar  light ;  let  o  D 
represent  a  portion  of  the  earth's 
surface,  upon  which  the  beam 
would  fall  perpendicularly;  and 
let  CE  represent  that  portion  on 
which  it  would  fall  obliquely ;  the 
same  number  of  rays  will  strike 
Fig.  726.  the  surfaces  0  D  and  o  E ;  but  the 

surface  c  e  being  obviously  greater 
than  CD,  the  rays  will  necessarily  fall  more  densely  on  the  latter: 
and  as  the  heating  power  must  be  in  proportion  to  the  density  of 
the  rays,  it  follows  that  o  D  will  be  heated  more  than  o  E  in  just  the 
same  proportion  as  c  E  is  greater  than  G  D.  But  if  we  would  com- 
pare two  surfaces  on  neither  of  which  the  sun's  rays  fall  perpendi- 
cularly, let  us  take  o  E  and  c  F.  They  fall  on  o  E  with  more  obli- 
quity than  on  gf;  but  ce  is  evidently  greater  than  OF,  and 
therefore  the  rays,  being  diffused  over  a  larger  surface,  are  less 
dense,  and  therefore  less  effective  in  heating. 

The  calorific  effect  of  the  sun's  rays  on  a  surface  more  oblique  to 
their  direction  than  another  will  then  be  proportionably  less. 

If  the  sun  be  in  the  zenith,  its  rays  will  strike  the  surface  per- 
pendicularly, and  the  heating  effect  will  therefore  be  greater  than 
when  the  sun  is  in  any  other  position. 

The  greater  the  altitude  to  which  the  sun  rises,  the  less  obliquely 
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win  be  the  direction  in  which  its  rays  will  strike  the  surface  at 
DooD^  and  the  more  effective  will  be  their  heating  power.  So  far^ 
then,  as  the  heating  power  depends  on  the  altitude  of  the  snn^  it 
will  be  increased  with  every  increase  of  its  meridian  altitude. 

Hence  it  is  that  the  heat  of  summer  increases  as  we  approach  the 
equator.  The  lower  the  latitude  is^  the  greater  will  be  the  height 
to  which  the  sua  will  rise.  The  meridian  altitude  of  the  sun  at  the 
summer  solstioe  being  everywhere  outside  the  tropics  forty-six 
d^rees  and  fifty-eix  minutes  more  than  at  the  winter  solstice^  the 
heating  efieet  will  be  proportionately  greater. 

But  this  is  not  the  only  cause  which  produces  the  greatly  superior 
heat  of  Bommer  as  compared  with  winter^  especially  in  the  higher 
latitudes.  The  heating  effect  of  the  sun  depends  not  alone  on  its 
altitude  at  midday;  it  also  depends  on  the  length  of  time  which  it 
is  above  the  horizon  and  below  it.  While  the  sun  is  above  the 
horiaoDi  it  is  continually  imparting  heat  to  the  air  and  to  the  surfiice 
of  the  earth ;  and  while  it  is  below  the  horizon,  the  heat  is  con- 
tinually being  dissipated.  The  longer,  therefore, — other  things 
being  the  same,  — the  sun  is  aboTC  the  horison,  and  the  shorter  time 
it  is  oelow  it,  the  greater  will  be  the  amount  of  heat  imparted  to  the 
earth  e^ery  twenty-four  hours.  Let  us  suppose  that  between  sun- 
rise and  snnsety  the  sun,  by  its  calorific  effect,  imparts  a  certain 
amount  of  heat  to  the  atmosphere  and  the  surface  of  the  earth,  and 
that  from  sunset  to  sunrise  a  certain  amount  of  this  heat  is  lost : 
the  r^olt  of  the  action  of  the  sun  will  be  found  by  deducting  the 
latter  from  the  former. 

Thus,  then^  it  appears  that  the  influence  of  the  sun  upon  the 
seasons  depends  as  much  upon  the  length  of  the  days  and  nights  as 
upoQ  its  altitude ;  but  it  so  happens  that  one  of  these  drcumstances 
d^nds  upon  the  other.  The  greater  the  sun's  meridional  altitude 
is,  the  longer  will  be  the  days,  and  the  shorter  the  nights ;  and  the 
less  it  is,  the  longer  will  be  the  nights,  and  the  shorter  the  days. 
Thoa  both  circumstances  always  conspire  in  producing  the  increased 
temperatore  of  summer,  and  the  diminished  temperature  of  winter. 

2464.  ITAy  the  longest  day  is  not  also  the  hottest,  —  The  dog- 
dojfg,  —  A  difficulty  is  sometimes  felt  when  the  operation  of  these 
cansce  is  considered,  in  understanding  how  it  happens  that,  not- 
withstanding what  has  been  stated,  the  21st  of  June — when  the 
sun  rifles  thd  highest,  when  the  days  are  longest  and  the  nights 
shortest  —  is  not  the  hottest  day,  but  that,  on  the  contrary,  the 
dog-dajs,  as  they  are  called,  which  comprise  the  hottest  weather  of 
the  year,  occur  in  August ;  and  in  the  same  manner,  the  21st  of 
December — when  the  height  to  which  the  sun  rises  is  least,  the 
days  shortest,  and  the  nights  longest  —  is  not  usually  the  coldest  day, 
but  that,  on  the  other  hand,  the  most  inclement  weather  oocura  at  a 
later  peood. 
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To  explain  this,  so  &r  as  it  depends  on  tbe  position  of  the  san 
and  the  length  of  the  days  and  nights,  we  are  to  consider  the  fol- 
lowing circumstances : — 

As  midsummer  approaches,  the  gradual  increase  of  the  tempe- 
rature of  the  weather  has  been  explained  thus:  The  days  being 
considerably  longer  than  the  nights,  the  quantity  of  heat  imparted 
by  the  sun  during  the  day  is  greater  than  the  quantity  lost  during 
the  night ;  and  the  entire  result  during  the  twenty-four  hours  gives 
an  increase  of  heat.  As  this  augmentation  takes  place  after  each 
successiye  day  and  night,  the  general  temperatare  continues  to  in- 
crease. On  the  21st  of  June,  when  the  day  is  longest,  and  the 
night  is  shortest,  and  the  sun  rises  highest,  this  augmentation 
riches  its  maximum;  but  the  temperature  of  the  weather  does 
not  therefore  cease  to  increase.  After  the  21st  of  June  there  con- 
tinues to  be  still  a  daily  augmentation  of  heat ;  for  the  sun  still  con- 
tinues to  impart  more  heat  during  the  day  than  is  lost  during  the 
night  Tbe  temperature  of  the  weather  will  therefore  only  cease  to 
increase  when,  by  the  diminished  length  of  the  day,  the  increased 
length  of  the  night,  and  the  diminished  meridional  altitude  of  the 
sun,  the  heat  imparted  during  the  day  is  just  balanced  by  the  heat 
lost  during  the  night.  There  will  be,  then,  no  further  increase  of 
temperature^  and  the  heat  of  the  weather  will  have  attained  its 
maximum. 

But  it  might  occur  to  a  superficial  obserrer,  that  this  reasoning 
would  lead  to  the  conclusion  that  the  weather  would  continue  to 
increase  in  its  temperature,  until  the  length  of  the  days  would 
become  equal  to  the  length  of  the  nights;  and  such  would  be  the 
case,  if  the  loss  of  heat  per  hour  during  the  night  were  equal  to  that 
gain  of  heat  per  hour  during  the  day.  But  such  is  not  the  case; 
uie  loss  is  more  rapid  than  the  ^n,  and  the  consequence  is,  that 
the  hottest  day  usually  comes  within  the  month  of  July,  but  always 
long  before  the  day  of  the  autumnal  equinox. 

The  same  reasoning  will  explain  why  the  coldest  weather  does 
not  usually  occur  on  the  21st  of  December,  when  the  day  is  shortest 
and  the  night  longest,  and  when  the  sun  attains  the  lowest  meridi- 
onal altitude.  The  decrease  of  the  temperature  of  the  weather 
depends  upon  the  loss  of  heat  during  the  night  being  greater  than 
the  gain  during  the  day;  and  until,  oy  the  increased  length  of  the 
day  and  the  diminished  length  of  the  night,  these  effects  are  ba- 
lanced, the  coldest  weather  will  not  be  attained. 

These  observations  must  be  understood  as  applying  only  so  far  as 
the  temperature  of  the  weather  is  affected  by  tiie  sun,  and  by  the 
length  of  the  days  and  nights.  There  are  a  variety  of  other  local 
and  geographical  causes  which  interfere  with  these  effects,  and  vary 
them  at  different  times  and  places. 

On  referring  to  the  annual  motion  of  the  earth  round  the  sun,  it 
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appears  tbai  tbe  podtion  of  tbe  sun  within  the  elliptio  orbit  of  the 
earth  is  sach  that  the  earth  is  nearest  to  the  sun  about  the  1st  of 
Janvaiy^  and  most  distant  from  it  about  the  1st  of  July.  As  the 
calorific  power  of  the  sun's  rays  increases  as  the  distance  from  the 
esrth  diminishes,  in  even  a  higher  proportion  than  the  change  of 
distan^;^  it  might  be  expected  that  the  effect  of  the  sun  in  heating 
the  earth  on  the  Ist  of  January  would  be  considerably  greater  than 
on  the  1st  of  July.  If  this  were  admitted^  it  would  follow  that  the 
anooal  motion  of  the  earth  in  its  elliptio  orbit  would  have  a  ten- 
deoey  to  diminish  the  cold  of  the  winter  in  the  northern  hemispherei 
and  mitigate  the  heat  of  summer^  so  as  to  a  certain  extent  to  equalise 
tbe  seasons;  and,  on  the  contrary^  in  the  southern  hemisphere, 
where  the  1st  of  January  is  in  the  middle  of  summer,  and  the  1st 
of  July  in  the  middle  of  winter,  its  effects  would  be  to  aggravate  the . 
cold  in  winter  and  the  heat  in  summer.  The  investigations,  how- 
erer,  which  have  been  made  in  the  physics  of  heat,  have  shown 
that  that  principle  is  governed  by  laws  which  counteract  such  effects. 
Like  the  operation  of  all  other  physical  agencies,  the  sun's  calo- 
rific power  requires  a  definite  time  to  produce  a  given  effect,  and  the 
heat  received  by  the  earth  at  any  part  of  its  orbit  will  depend  con- 
jcantly  on  its  distance  from  the  sun  and  the  length  of  time  it  takes 
to  traverse  that  portion  of  its  orbit.  In  fact,  it  has  been  ascertained 
that  the  heating  power  depends  as  much  on  the  rate  at  which  the 
son  ehanges  its  longitude  as  upon  the  earth's  distance  from  it. 
Now  it  happens  that,  in  consequence  of  the  laws  of  the  planetary 
modons,  discovered  by  Kepler,  and  explained  by  Newton,  when  the 
earth  is  most  remote  frx>m  the  sun,  its  velocity  is  least,  and  conse* 
quently  die  hourly  changes  of  longitude  of  the  sun  will  be  propop- 
tionally  less.  Thus  it  appears  that  what  the  heating  power  loses 
by  augmented  distance,  it  gains  by  diminished  velocity ;  and  again, 
when  the  earth  is  nearest  to  the  sun,  what  it  gains  by  diminished 
distance,  it  loses  by  increased  speed.  There  is  thus  a  complete  com- 
pensatioo  produced  in  the  heating  effect  of  the  sun,  by  the  dimi- 
nished  velocity  of  the  earth  which  accompanies  its  increased  distance. 
This  period  of  the  year,  during  which  the  heat  of  the  weather  is 
usoally  moet  intense,  was  called  the  canicttlab  days,  or  Doo 
DAxa.  These  days  were  generally  reckoned  as  forty,  commencing 
aboai  the  3d  of  July,  and  received  their  name  from  the  fact,  that  in 
ancient  time^  the  bright  star  Sirius,  in  the  constellation  of  Canis 
major,  or  the  Great  Dog,  at  that  time  rose  a  little  before  the  sun, 
and  it  was  to  the  sinister  influence  of  this  star  that  were  ascribed 
the  bad  effects  of  the  inclement  heat^  and  especially  the  prevalence 
of  madness  among  the  canine  race.  Owing  to  a  cause  which  will 
be  explained  hereafter  (the  precession  of  tbe  equinoxes),  this  star 
BO  longer  rises  with  the  sun  during  the  hot  season. 
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CHAP.  IX. 


THE  MOON. 


2465.  The  moon  an  object  of  popuktr  ifUerest — AlthoDgh  it  be 
in  mere  magnitude,  and  physicallj  considered,  one  of  the  most  in- 
significant podies  of  the  solar  system,  yet  for  yaiions  reasons  the 
MOON  has  always  been  regarded  by  mankind  with  feelings  of  pro- 
found interest,  and  has  been  invested  by  the  popular  mind  with 
various  influences,  a£feoting  not  only  the  physical  condition  of  the 
globe,  but  also  the  phenomena  of  the  organized  world.  It  has  been 
as  much  an  object  of  popular  superstition  as  of  scientific  observation. 
These  circumstances  doubtless  are  in  some  degree  owing  to  its 
striking  appearance  in  the  firmament,  to  the  various  changes  of 
form  to  which  it  is  subject,  and  above  all  to  its  proximity  to  the 
earth,  and  the  close  alliance  existing  between  it  and  our  planet. 

2466.  Its  distance.  — The  distance  of  the 
moon  is  computed,  by  the  method  explained 
in  2328,  by  first  ascertaining  its  horizontal 
parallax. 

Let  £  and  i/,  fg.  727,  be  the  opposite 
ends  of  a  diameter  of  the  earth,  and  let  M 
be  the  place  of  the  moon's  centre.  Let  s 
be  any  conspicuous  star  seen  near  the  moon 
in  the  heavens,  in  the  plane  of  the  points 
E,  e',  and  M.  The  apparent  distance  of  this 
star  from  the  moon's  centre  is  s«  to  an  ob- 
server at  £,  and  it  is  s  s'  to  an  observer  at  e'. 
The  dificrenoe  of  these  distances  s's  is  the 
arc  of  the  heavens  which  measures  the  angle 
sMt^,  or,  what  is  the  same,  the  angle  E  m  i/, 
under  which  the  diameter  £  e'  of  the  earth 
would  be  seen  firom  the  moon. 

Now  the  arcs  Bs  and  si/  can  be  and 
have  been  measured,  and  their  mean  difiPei^ 
ence  </  has  been  ascertained  to  be  114'  12" 
=  6852",  subject  to  a  slight  variation, 
from  a  cause  which  will  presently  be  ex* 
plained. 

It  appears,  from  what  has  been  explained 

in  2327,  that  half  the  angle  eme'  is   the 

moon's  horizontal  parallax,  which  is  therefore 

67' 6"  =  3426". 

The  moon's  distance,  therefore,  computed 

Fig.  727.  by  the  formula  explained  in  2328,  is 
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206265  „„ 

It  follows^  tberefore,  that  the  moon's  distance  is  about  thirty 
times  the  earth's  diameter ;  and  since  the  valae  of  the  latter  is  7900 
miles,  the  moon's  distance  is 

7900  X  30  =  237,000  miles, 

%  M  ^ipears  by  more  exact  computation,  237,630  miles. 

2467.  Linear  vahie  of  V  on  it.  —  Having  thus  ascertained  the 
■ooq's  distance,  we  are  enabled,  by  the  method  explained  in  2319, 
toaseertain  the  actual  length  measured  transrersely  to  the  line  of 
mon  on  the  moon  which  corresponds  to  the  visual  angle  of  l'^ 
TUb  kogth  is 

237630      -,.     ., 

206265  =  ^-^^°"^^- 
Bj  this  formula  any  space  upon  the  moon,  measured  by  its  visual 
sBgle,  can  be  reduced  to  its  actual  linear  value,  provided  its  direo- 
tioo  be  at  right  angles  to  the  visual  ray,  which  it  will  be  if  it  be  at 
the  centre  of  the  lunar  disk.  If  it  be  between  the  centre  and  the 
edgee^  it  will  be  foreshortened  by  the  obliquity  of  the  moon's  sur- 
&oe  to  the  line  of  vision,  and,  consequently,  the  linear  value  thus 
oomputed  will  be  the  r^  linear  value  duninished  by  projectioni 
which,  however,  can  be  easily  allowed  for,  so  that  the  true  linear 
nloe  can  be  obtained  for  every  part  of  the  lunar  disk. 

2468.  Ju  apparent  and  real  diameter,  — The  apparent  diameter 
of  the  moon  is  subject  to  a  slight  variation,  owing  to  a  oorrespond- 
ifig  variation  due  to  the  small  elliptioity  of  its  orbit  Its  mean 
laiac  is  found  to  be  31'  7"  or  1867". 

By  what  has  just  been  established  (2392),  therefore,  its  real 
diameter  moat  be 

1867  X  116  =  2147  miles. 
Moie  exact  methods  give  2153  miles. 

Since  the  superficial  magnitude  of  spheres  is  as  the  squares,  and 
their  Tolome  or  solid  bulk  as  the  cubes,  of  their  diameters,  it  fol- 
lows that  the  superficial  extent  of  the  moon  is  about  the  fourteenth 
pvt  of  the  surface,  and  its  volume  about  the  forty-ninth  part  of  the 
balk,  of  our  globe. 

2469.  Apparent  and  real  motion,  —  The  moon,  like  the  sun, 
sppeirs  to  move  upon  the  celestial  sphere  in  a  direction  contrary  to 
that  of  the  diurnal  motion.  Its  apparent  path  is  a  great  circle  of 
the  sphere,  inclined  to  the  ecliptic  at  an  angle  of  about  5^  8'  48'^ 
It  completes  its  revolution  of  the  heavens  in  27*'  7^*  44"*-. 

This  apparent  motion  is  explained  by  a  real  motion  of  the  moon 
nnod  the  earth  at  the  mean  distance  above  mentioned,  and  in  the 
^  in  which  the  apparent  revolution  is  completed. 
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2470.  Eourly  motion,  apparent  and  real. — Since  the  time  taken 
bj  the  moon  to  make  a  complete  revolution,  or  360°  of  the  heavens, 
is  27**-  7*'*  44"-  or  656*'-73,  it  follows,  that  her  mean  apparent  motion 
per  day  is  13''  lO'  35",  and  per  hour  is  32'  42'',  which  is  a  little 
more  than  her  mean  apparent  diameter.  The  rate  of  the  moon's 
apparent  motion  on  the  firmament  may  therefore  be  remembered  by 
the  fiict,  that  she  moves  over  the  length  of  her  own  apparent 
diameter  in  an  hour. 

Since  the  linear  value  of  1"  at  the  moon's  distance  is  1  i  5  mile, 
the  linear  value  of  1'  is  6*9  miles,  and,  consequently,  the  real  motion 
of  the  moon  per  hour  in  her  orbit,  is 

6-9  X  32-9  =  227  miles. 

Her  orbitual  motion  is  therefore  at  the  rate  of  3*8  miles  per  minnte. 

2471.  Orbit  elliptical,  —  Although,  in  its  general  form  and  cha- 
racter, the  path  of  the  moon  round  the  earth  is,  like  the  orbits  of 
the  planets  and  satellites,  circular,  yet  when  submitted  to  aoeurate 
observation,  we  find  that  it  is  strictly  an  ellipse  or  oval,  the  centre 
of  the  earth  occupying  one  of  Wa/dci,  This  fact  can  be  ascertained 
by  immediate  observation  upon  the  apparent  magnitude  of  the 
moon.  It  will  be  easily  comprehended  that  any  change  which  the 
apparent  magnitude,  as  seen  from  the  earth,  undergoes,  must  arise 
from  corresponding  changes  in  the  moon's  distance  from  us.  3*hns, 
if  at  one  time  the  disk  of  the  moon  appears  larger  than  at  another 
time,  as  it  cannot  be  supposed  that  the  actual  size  of  the  moon 
itself  could  be  changed,  we  can  only  ascribe  the  increase  of  the 
apparent  magnitude  to  the  diminution  of  its  distance.  Now  we  find 
by  observation  that  such  apparent  changes  are  actually  obsenred  in 
its  monthly  course  around  the  earth.  The  moon  is  subject  to  a 
small  though  perceptible  variation  of  apparent  sise.  We  find  thai 
it  diminishes  until  it  reaches  a  minimum,  and  then  gradually  in- 
creases  until  it  reaches  a  maximum. 

When  the  apparent  magnitude  is  least,  it  is  at  its  greatest  dia. 
tance,  and  when  greatest,  at  its  least  distance.  The  positions  in 
which  these  distances  lie  are  directly  opposite.  Between  these  tvro 
positions  the  apparent  sise  of  the  moon  undergoes  a  regalar  and 
gradual  change,  increasing  continually  from  its  minimum  to  its 
maximum,  and  cousequently  between  these  positions  its  distance 
must  gradually  diminish  from  its  maximum  to  its  minimum.  Xf  we 
lay  down  on  a  chart  or  plan  a  delineation  of  the  course  or  path  thus 
determined,  we  shall  find  that  it  will  represent  an  oval,  which  differs 
however  very  little  from  a  circle ;  the  pUoe  of  the  earth  being  aearer 
to  one  end  of  the  oval  than  the  other. 

2472.  Moon* 9  apsides — apogee  and  perigee  — progression  q/*  t^ 
apsides.  *-—  The  point  of  the  moon's  path  in  the  heavens  at  which 
its  magnitude  appears  the  greatest^  and  when,  therefore,  it  is  near- 
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€»t  the  eirtb,  is  ctUed  ito  perigee  ;  and  the  point  where  its  apparent 
iu  ia  least,  and  where,  therefore,  its  distance  from  the  earth  is 
greatest,  is  called  ics  apogee.    These  two  points  are  called  the  moon's 

If  the  positioos  of  these  points  in  the  heavens  be  observed  accu- 
Tikly  for  a  length  of  time,  it  will  be  found  that  they  are  subject  to 
a  Ta^ht  change ;  that  b  to  say,  the  place  where  the  moon  appears 
^milkst  will  every  month  shift  its  position ;  and  a  corresponding 
chaage  will  take  place  in  the  point  where  it  appears  largest.  The 
moreneBt  cf  these  points  in  the  heavens  is  found  to  be  in  the^samo 
diitetioD  as  the  general  movement  of  the  planets;  that  is,  from  weal 
to  asij  or  progressive.     This  phenomenon  is  called  the  PRoaRES- 

SION  OF  THE  moon's  APSIDES. 

Tbe  nto  of  this  progression  of  the  moon's  apsides  is  40^  68'  in  a 
tR^al  or  common  year,  being  equivalent  to  &  41''  per  day.  They 
conseqoeotly  make  a  complete  revolution  in  8*85  years. 

2473.  Moon's  nodes  —  ascending  and  descending  node — their  re- 
^^^(^gnttion.  —  If  the  position  of  the  moon's  centre  in  the  heavens 
be  observed  from  day  to  day,  it  will  be  found  that  its  apparent  path 
ii  a  great  circle,  making  an  angle  of  about  5^  with  the  ecliptic. 
'^^  path  consequently  crosses  the  ecliptic  at  two  points  in  opposite 
<{aarters  of  the  heavens.  These  points  arc  called  the  moon's  nodes, 
^Hnir  poations  are  aaoertained  by  observing  from  time  to  time  the 
^«^si«e  of  the  moonV  centre  from  the  ecliptic,  which  is  the  moon's 
latitude;  by  watching  its  gradual  diminution,  and  finding  the  point 
^  vhich  it  beoonaes  nothing;  the  moon's  centre  is  then  in  the 
^ptie,  and  its  position  is  the  node.  The  node  at  which  the  moon 
pin  from  the  south  to  the  north  of  the  ecliptic  is  called  the  oa* 
^iug  node,  and  thai  at  which  it  passes  from  the  north  to  the 
«»th  is  called  the  descending  node. 

^ese  points,  like  the  apsides,  are  subject  to  a  small  change  of 
pcaitioD,  bot  in  a  retrograde  direction.  They  make  a  complete  revo- 
lAtioQ  of  the  ecliptic  in  a  direction  contrary  to  the  motion  of  the 
wn  in  18-6  years,  being  at  the  rate  of  3'  10"-6  per  day. 

^474.  Rotation  on  its  axis.  —  While  the  moon  moves  round  the 
^^  thus  in  its  monthly  course,  we  find,  by  observations  of  its 
J^FPttnnee,  made  even  without  the  aid  of  telescopes,  that  the  same 
btmisphere  is  always  turned  towards  us.  We  recognise  this  fact 
by  obserring  that  the  same  marks  are  always  seen  in  the  same  posi« 
^^^  opoQ  it  Now  in  order  that  a  globe  which  revolves  in  a  circle 
arovHl  a  centre  should  turn  continually  the  same  hemisphere 
^wi  that  centre,  it  is  necessary  that  it  should  make  one  revoln- 
^  npon  its  axis  in  the  time  it  takes  so  to  revolve.  For  let  us 
'^PP^  that  the  globe,  in  any  one  position,  has  the  centre  round 
•bicb  it  revolves  north  of  it,  the  hemisphere  turned  toward  the 
«itie  11  turned  toward  the  north.     After  it  makes  a  quarter  of  » 
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revolnlioD,  the  oentre  is  to  the  east  of  it,  and  the  hemisphere  whid 
was  previously  turned  to  the  north  must  now  be  turned  to  the  east 
After  it  has  made  another  quarter  of  a  revolution  the  centre,  will  b 
south  of  it,  and  it  must  be  now  turned  to  the  south.  In  the  sami 
manner,  after  another  quarter  of  a  revolution,  it  must  be  tamed  U 
the  west.  As  the  same  hemisphere  is  suooessivlj  turned  to  all  th^ 
points  of  the  compass  in  one  revolution,  it  is  evident  that  the  glob 
Itself  must  make  a  single  revolution  on  its  axis  in  that  time. 

It  appears,  then,  that  the  rotation  of  the  moon  upon  its  axia,  beiD| 
equal  to  that  of  its  revolution  in  its  orbit,  is  2n  7^  44^  or  655^ 
44"-  The  intervals  of  light  and  darkness  to  the  inhabitants  of  th< 
moon,  if  there  were  any,  would  then  be  altogether  different  from 
those  provided  in  the  planets ;  there  would  be  about  327"^  52*-  of 
oontinued  light  alternately  with  327"*  52"-  of  continued  darkness; 
the  analogy,  then,  which,  as  will  hereafter  appear,  prevails  among 
the  planets  with  regard  to  days  and  nights,  and  which  fonns  a  main 
argument  in  favour  of  the  conclusion  that  they  are  inhabited  globes 
like  the  earth,  does  not  hold  good  in  the  case  of  the  moon. 

2475.  Indincttion  of  axis  of  rotation,  —  Although  as  a  general 
proposition  it  be  true  that  the  same  hemisphere  of  the  moon  is  al- 
ways turned  toward  the  earth,  yet  there  are  small  variations  at  the 
edge,  called  librations,  which  it  is  necessary  to  notice.  The  axis  of 
the  moon  is  not  exactly  perpendicular  to  its  orbit,  but  is  inclined  at 
the  small  angle  of  l"*  3(/  l(y'*8.  By  reason  uf  this  inclination,  the 
northern  and  southern  poles  of  the  moon  lean  alternately  in  a  dight 
degree  to  and  from  the  earth. 

2476.  >  Libration  tn  latitude, — When  the  north  pole  leans  towards 
the  earth,  we  see  a  llttie  more  of  that  region,  and  a  little  less  when 
it  leans  the  contrary  way.  This  variation  in  the  northern  and 
southern  regions  of  the  moon  visible  to  us,  is  called  the  lib&ation 

IN  LATITUDE. 

2477.  Libration  in  hngituds.  —  In  order  that  in  a  strict  sense 
the  same  hemisphere  should  be  continually  turned  toward  the  earth, 
the  time  of  rotation  upon  its  axis  must  not  only  be  equal  to  the  time  of 
rotation  in  its  orbit,  which  in  fact,  it  is,  but  its  angular  velocity  on 
its  axis  in  every  part  of  its  course,  must  be  exaotiy  equal  to  its  an- 
gular velocity  in  its  orbit.  Now  it  happens  that  while  its  angular 
Telocity  on  its  axis  is  rigorously  uniform  throughout  the  month,  its 
angular  velocity  in  its  orbit  is  subject  to  a  slight  variation ;  the  con- 
sequence of  this  is  that  a  littie  more  of  its  eastern  or  western  edge 
is  seen  at  one  time  than  at  another.    This  is  called  the  libration 

IN  LONGITUDB. 

2478.  Diurnal  libration.  —  By  the  diurnal  motion  of  the  earth, 
we  are  carried  with  it  round  its  axis ;  the  stations  from  which  we 
view  the  moon  in  the  morning  and  evening,  or  rather  when  it  rises 
and  when  it  sets,  are  then  di&rent  according  to  the  latitude  of  the 
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t2iih  in  which  we  are  placed.  By  thus  viewing  it  from  different 
places,  we  see  it  under  slightly  different  aspects.  This  is  another 
caose  of  a  variation,  which  we  see  in  its  eastern  and  western  edges : 

this  IS  called  the  DIURNAL  LIBEATION. 

2479.  PhaaeM  of  the  moon. — While  the  moon  revolves  round  tho 
orth,  its  illaoiinated  hemisphere  is  always  presented  to  the  san ;  it 
tkere&re  takes  Tarioos  poaitioQS  in  referenoe  to  the  earth.  In  Jig, 
728,  the  efieeis  of  this  are  exhibited.    Let  x  s  represent  the  direc- 


Fig.  728. 

tion  of  the  mn,  and  E  the  earth  ;  when  the  moon  is  at  N,  between 
the  Fun  and  the  earth,  its  illuminated  hemisphere  being  turned  to- 
ward the  Bun,  its  dark  hcmisphore  will  be  presented  toward  tho 
earth ;  it  will  therefore  be  invisible.  In  this  position  the  moon  is 
nid  to  be  in  conjunction. 

When  it  m(»ve8  to  the  position  c,  the  enlightened  hemisphere  be- 
ing still  presented  to  the  sun,  a  small  portion  of  it  only  is  turned 
to  the  earth,  and  it  appears  Jis  a  thin  crescent,  as  represented  at  c. 

When  the  moon  takes  the  position  of  Q,  at  right  angles  to  the 
FQti,  it  is  said  to  be  in  quadrature;  one  half  of  the  enlightened 
hemisphere  only  is  then  presented  to  the  earthy  and  the  moon  ap- 
pears halved,  as  represented  at  q. 

When  it  arrives  at  the  position  a,  the  greater  part  of  the  en- 
lightened portion  is  turned  to  the  earth,  and  it  is  gibbous,  appearing 
as  represented  at  y. 

When  the  moon  comes  in  opposition  to  the  sun,  as  seen  at  F, 
the  enlightened  hemisphere  is  turned  full  toward  the  earth,  and  tho 
moon  will  appear  full,  as  at  /,  unless  it  be  obscured  by  the  earth's 
shadow,  which  rarely  happens.  In  the  same  manner  it  is  ^bown  that 
at  g'  it  is  again  gibbous;  at  q'  it  is  halved,  and  at  c'  it  is  a  crescent 
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When  the  moon  is  fall,  being  in  opposition  to  the  son,  it  will  ne- 
cessarily be  in  the  meridian  at  midnight,  and  will  rise  as  the  sua 
sets,  and  set  as  the  sun  rises }  and  thus,  whenexer  the  enlightened 
hemisphere  is  turned  toward  us,  and  when,  therefore,  it  u  the  most 
capable  of  benefiting  us,  it  is  up  in  the  firmament  all  night; 
whereas,  when  it  is  in  conjunction,  as  at  n,  and  the  dark  hemu^here 
is  turned  toward  us,  it  would  then  be  of  no  use  to  us,  and  is  ac- 
cordingly up  during  the  day.  The  position  at  Q  is  called  the  **  first 
quarter/'  and  at  q'  the  <<  last  quarter.'^  The  position  at  o  is  called 
the  first  octant;  a  the  second  octant;  g'  the  third  octant;  and  <f 
the  fourth  octant  At  the  first  and  fourth  octants  it  is  a  erefloent, 
and  at  the  second  and  third  octants  it  is  gibbous. 

2480.  Synodic  period  or  common  month. — ^The  apparent  motion 
of  the  moon  in  the  heavens  is  much  more  rapid  than  that  of  the 
sun ;  for  while  the  sun  makes  a  complete  circuit  of  the  ecliptic  in 
365*25  days,  and  therefore  moyes  over  it  at  about  61'  per  day,  the 
moon  moves  at  the  rate  of  IS''  W  Sb"  (2470)  per  day.     As  the 
sun  and  moon  appear  to  move  in  the  same  direction  in  the  firma- 
ment, both  proceediug  from  west  to  east,  the  moon  will,  after  con- 
junction, depart  from  the  sun  toward  the  east  at  the  rate  of  about 
12^  d'  per  day.     If  then,  the  moon  be  in  conjunction  with  the  sun 
on  any  given  day^  it  will  be  12^  d'  east  of  it  at  the  same  time  on 
the  following  day;  24^  18'  east  of  it  after  two  days,  and  so  on.     If, 
then,  the  sun  set  with  the  moon  on  any  evening,  it  will,  at  the  mo- 
ment of  sunset  on  the  following  evening,  be  12^  9'  east  of  it,  and 
at  sunset  will  appear  as  a  thin  crescent,  at  a  considerable  altitude ; 
on  the  succeeding  day  it  will  be  24°  18'  east  of  the  sun,  and  will 
be  at  a  still  greater  altitude  at  sunset,  and  will  be  a  broader  crescent. 
After  seven  days,  the  moon  will  be  removed  nearly  90°  from  the 
sun ;  it  will  be  at  or  near  the  meridian  at  sunset     It  will  remain 
in  the  heavens  for  about  six  hours  after  sunset,  and  will  be  seen  in 
the  west  as  the  half-moon.     Each  successive  evening  increasing  its 
distance  from  the  sun^  and  also  increasing  its  breadth,  it  will  be 
visible  in  the  meridian  at  a  later  hour,  and  will  consequentl j  be 
longer  apparent  in  the  firmament  during  the  night  —  it  will  then 
be  gibbous.     After  about  fifteen  days,  it  will  be  180°  removed  from 
the  sun,  and  will  be  full,  and  consequently  will  rise  when  the  sun 
sets,  and  set  when  the  sun  rises  —  being  visible  the  entire  nigbt. 
After  the  lapse  of  about  twenty-two  days,  the  distance  of  the  moon 
from  the  sun  being  about  270°,  it  will  not  reach  the  meridian  until 
nearly  the  hour  of  sunrise ;  it  will  then  be  visible  during  the  last 
six  hours  of  the  night  only.     The  moon  will  then  be  waning,  and 
toward  the  close  of  the  month  will  only  be  seen  in  the  morning  be- 
fore sunrise,  and  will  appear  as  a  crescent. 

If  the  earth  and  sun  were  both  stationary  \i  hile  the  moon  revolves 
found  the  former,  the  period  of  the  phases  would  be  the  same  as 
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the  period  ot  tbe  moon.  Bat  from  what  has  heen  explained,  it 
will  be  evident  that  while  the  moon  makes  its  apparent  revolution 
of  tbe  hetTens  in  aboat  27-3  days,  the  sun  advances  through  some- 
what moTB  than  27^  of  the  heavens,  in  the  same  direction.  Before 
the  moon  can  reaasame  the  same  phase,  it  mast  have  the  same  po- 
sitioft  relative  to  the  sun,  and  must,  therefore,  overtake  it.  But 
nnee  it  moves  at  the  rate  of  about  1^  in  two  hours,  it  will  take 
nofe  thao  two  days  to  move  over  27^.  Hence  the  ^nodie  period, 
or  looar  month,  or  the  interval  between  two  successive  conjunctions, 
ii  about  two  days  longer  than  the  sidereal  period  of  our  satellite. 

Tbe  ezaet  length  of  the  synodic  period  is  29''  12^  14'"-  2''-87,  or 
29  53059  mean  solar  days. 

2481.  Maug  and  dennty.  —  The  methods  by  which  the  mass  or 
VQgfat  of  the  moon  has  been  ascertained  will  be  explained  here- 
after; meanwhile  it  may  be  stated  here  that  the  result  of  the  most 
neent  solations  of  this  problem,  by  various  methods  and  on  different 
data,  proves  that  tbe  mass  or  quantity  of  matter  composiug  tho 
gbbe  of  tbe  moon,  is  a  little  more  than  the  90th  part  of  the  mass 
of  the  earth ;  or,  more  exactly,  if  the  mass  of  the  earth  consist  of 
a  fflillioQ  of  equal  parts,  the  mass  of  the  moon  will  be  equal  to 
11,399  of  these  parts. 

Since  the  volume  or  bulk  of  the  moon  is  about  the  50th  part  of 
that  of  tbe  earth,  while  its  mass  or  weight  is  little  more  than  tho 
dOth  part  of  that  of  the  earth,  it  follows  that  its  mean  density  must 
be  little  more  than  half  the  density  of  the  earth,  and  therefore 
(2B98)  about  2-83  times  that  of  water. 

2482.  iVb  air  upon  ilte  moon. — In  order  to  determine  whether 
V  not  tbe  globe  of  the  moon  is  surrounded  with  any  gaseous  en- 
velope like  the  atmosphere  of  the  earth,  it  is  necessary  first  to  con- 
^r  what  appearances  such  an  appendage  would  present,  seen  at 
the  moon's  distance,  and  whether  any  such  appearances  are  dis- 
oorerable. 

According  to  ordinary  and  popular  notions,  it  is  difficult  to  sepa- 
nte  tbe  idea  of  an  atmosphere  from  the  existence  of  clouds ;  yet  to 
produoe  clouds  something  more  is  necessary  than  air.  The  presence 
of  vater  is  indispensable ;  and  if  it  be  assumed  that  no  water  exist, 
tbea  certainly  the  absence  of  clouds  is  no  proof  of  the  absence  of 
u  atmosphere.  Be  this  as  it  may,  however,  it  is  ceri;ain  that 
tbere  are  no  clouds  upon  the  moon ;  for  if  there  were,  we  should  im- 
iiKdiately  discover  them,  by  tbe  variable  lights  and  shadows  they 
voald  produce..  If  there  is,  then,  an  atmosphere  upon  the  moon, 
it  is  oae  entirely  unaccompanied  by  douds. 

One  of  the  effects  produced  by  a  distant  view  of  an  atmosphere 
mnomiding  a  globe,  one  hemisphere  of  which  is  illuminated  by  the 
nOy  is,  that  the  boundary,  or  line  of  separation  between  the  hemi- 
^here  enlightened  by  tho  sun  and  tho  dark  hemisphere,  is  not 
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sudden  and  sharply  defined,  but  is  gradual  —  the  light  fading  away 
bj  slow  degrees  into  the  darkness. 

It  is  to  this  effect  upon  the  globe  of  the  earth  that  twiligbt  is 
owing ;  and  as  we  shall  see  hereafter,  such  a  gradual  fading  away  of 
the  sun's  light  is  discoverable  on  some  of  the  pknets,  upon  which 
an  atmosphere  is  observed. 

Now,  if  such  an  effect  of  an  atmosphere  were  produced  upon  the 
moon,  it  would  be  perceived  by  the  naked  eye,  and  still  more  dis- 
tinctly with  the  telescope.  When  the  moon  appears  as  a  cresoent, 
its  concave  edge  is  the  boundary  which  separates  the  enlightened 
from  the  dark  hemisphere.  When  it  is  in  the  quarters,  the  diameter 
of  the  semicircle  is  also  that  boundary.  In  neither  of  these  cases, 
however,  do  we  ever  discover  the  slightest  indication  of  any  such 
appearance  as  that  which  has  just  been  described.  There  is  no 
gradual  fading  away  of  the  light  into  the  darkness;  on  the  con- 
trary, the  boundary,  though  serrated  and  irregular,  is  nevertheless 
perfectly  well  defined  and  sudden. 

All  these  drcumstanoes  conspire  to  prove  that  there  does  not 
exist  upon  the  moon  an  atmosphere  capable  of  reflecting  light  in 
any  sensible  degree. 

2483.  Absence  of  air  indicated  6y  absence  of  refraction.  —  But 
it  may  be  contended  that  an  atmosphere  may  still  exist,  though  too 
attenuated  to  produce  a  sensible  twilight.  Astronomers,  however, 
have  resorted  to  another  test  of  a  much  more  decisive  and  delicate 
kind,  the  nature  of  which  will  be  understood  by  explainiag  a  simple 
principle  of  optics. 

Let  m  m',  fig.  729,  represent  the  disk  of  the  moon.     I^et  a  «/ 
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represent  the  atmosphere  which  surrounds  it.  Let  »me  and  ^m*  e 
represent  two  lines  touching  the  moon  at  m  and  m',  and  proceeding 
towards  the  earth.  Let  s«  be  two  stars  seen  in  the  direction  of  these 
lines.  If  the  moon  had  no  atmosphere,  these  stars  would  appear  to 
touch  the  edge  of  the  moon  at  m  and  m',  because  the  rays  of  light 
from  them  would  pass  directly  towards  the  earth ;  but  if  the  mooa 
have  an  atmosphere,  then  that  atmosphere  will  possess  the  property 
which  is  common  to  all  transparent  media  of  refracting  light,  and, 
in  virtue  of  such  property,  stars  in  such  positions  as  /«',  behind  the 
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edge  of  Ae  moon,  would  be  Tinble  al  the  earth,  for  the  ny  /m, 
m  pesEug  through  the  atmoephere,  would  be  bent  at  an  angle 
in  tLe  direction  m  ^^  and  in  like  manner  the  raj  /  m'  would  be  bent 
ai  the  angle  rri  d  —  so  that  the  stars  /  e'  would  be  visible  at  0'  i^ 
Dgtwithstanding  the  interposition  of  the  edges  of  the  moon. 

This  reasoning  leads  to  the  conclusion  ti^t  as  the  moon  moves 
ofer  the  ibce  of  the  firmament,  stars  will  be  continually  visible  at 
its  edge  which  are  really  behind  it  if  it  have  an  atmosphere,  and  the 
exteat  to  which  this  efiect  will  take  place  will  be  in  proportion  to 
tbe  density  of  the  atmosphere. 

The  magnitude  and  motion  of  the  moon  and  the  relative  positions 
of  the  atan  are  so  accurately  known  that  nothing  is  more  easy,  cer- 
tain, and  precise,  than  the  observations  which  may  be  made  with 
the  yiew  of  ascertaining  whether  any  stars  are  ever  seen  which  are 
sensibly  behind  the  edge  of  the  moon.  Such  observations  have 
been  oude,  and  no  such  effect  has  ever  been  detected.  This  species 
of  ohaervation  is  susceptible  of  such  extreme  accuracy,  that  it  is 
certain  that  if  an  atmosphere  existed  upon  the  moon  a  thousand 
tinwa  less  dense  than  our  own,  its  presence  must  be  detected. 

Beaael  has  calculated  that  if  the  difference  between  tbe  apparent 
diameter  of  the  moon,  and  the  arc  of  the  firmament  moved  over  by 
the  moon's  centre  during  the  occultation  of  a  star,  centrically  oc> 
eolted,  were  admitted  to  amount  to  so  much  as  2'',  and  allowing  for 
the  ponible  effect  of  mountains,  by  which  the  edge  of  the  disk  is 
>erialed,  taking  these  at  the  extreme  height  of  24,000  feet,  the 
density  of  the  lunar  atmosphere,  whose  refraction  would  produce 
neh  an  effect,  would  not  exceed  the  968th  part  of  the  density  of 
the  earth's  atmosphere,  supposing  the  two  fluids  to  be  similarly  con- 
Btitnted.  Nor  would  this  conclusion  be  materially  modified  by  any 
Apposition  of  an  atmosphere  composed  of  gases  different  from  the 
tenatitaents  of  the  earth's  atmosphere. 

The  earth's  atmosphere  supports  a  column  of  80  inches  of  mer- 
emy:  to  atmosphere  1000  times  less  dense  would  support  a  column 
of  three-tenths  of  an  inch  only.  We  may  therefore  consider  it  as 
an  eatablished  fiu)t^  that  no  atmosphere  exists  on  the  moon  having  a 
deniity  even  as  great  as  that  which  remains  under  the  receiver  of 
the  most  perfect  air-pump,  after  that  iustrument  has  withdrawn  from 
it  the  air  to  the  utmost  extent  of  its  power. 

If  farther  proofs  of  the  nonexistence  of  a  lunar  atmosphere  were 
nquired.  Sir  J.  Herschel  indicates  several  which  are  found  in  tbe 
phenomena  of  eclipses.  In  a  solar  eolipse  tiie  existence  of  an  at- 
Besphere  having  any  sensible  refraction,  would  enable  us  to  trace 
the  iiittb  fA  the  moon  beyond  the  cusps  externally  to  the  sun's  disk, 
by  ft  namw  but  hriUiani  line  of  light  extending  to  some  distance 
^g  its  edge.    No  such  phenomenon  has,  however,  been  seen. 

If  there  were  any  appreciable  quantity  of  vapour  suspended  over 
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the  moon's  siir&ce,  very  faint  stars  oaffht  to  disappear  behind  it 
before  the  moment  of  their  occultation  by  the  interposition  of  the 
moon's  edge.  Such,  however,  is  not  the  easel  When  oeculted  at 
the  enlightened  edge  of  the  lunar  disk,  the  light  of  the  moon  over- 
powers them  and  renders  them  invisible,  and  even  at  the  dark  edge 
the  glare  in  the  sky,  caused  by  the  proximity  of  the  enlightened 
part  of  the  disk,  renders  the  ooenltataon  of  extremely  minute  stars 
incapable  of  observation.  But  these  obstacles  are  removed  in  the 
case  of  total  solar  eclipses;  on  which  occasions  stars,  so  fiunt  as  to  be 
only  seen  by  the  aid  of  a  telescope,  come  up  close  to  the  limb  with* 
out  any  sensible  diminution  of  their  brightness,  and  undergo  ao  ex- 
tinction as  instantaneous  as  the  largest  and  brightest  by  ue  inter- 
position of  the  moon's  limb. 

2484.  Moonlight  not  tennUy  calorific, — It  has  long  been  ao 
object  of  inquiry  whether  the  light  of  the  moon  has  any  heat ;  but 
the  most  delicate  experiments  and  observations  have  failed  to  detect 
this  property  in  it.  The  light  of  the  moon  was  collected  into  the 
focus  of  a  concave  mirror  of  such  magnitude  as  would  have  been 
sufficient,  if  exposed  to  the  sun's  light,  to  evaporate  gold  or  plati- 
num. The  bulb  of  a  differential  thermometer,  sensitive  enough  to 
show  a  change  of  temperature  amounting  to  the  500th  part  of  a 
degree,  was  placed  'ia  its  focus,  so  as  to  receive  upon  it  the  concen- 
trated rays.  Yet  no  sensible  effect  was  produced.  We  must,  there- 
fore, conclude  that  the  light  of  the  moon  does  not  possess  the  calo- 
rific property  in  any  sensible  degree.  But  if  the  rays  of  the  moon 
be  not  warm,  the  vulgar  impression  that  they  are  cold  is  equally 
erroneous.  We  have  seen  that  they  produce  no  effect  either  way  on 
the  thermometer. 

2485.  No  liquids  on  the  moon, — The  same  physical  tests  which 
show  the  nonexistence  of  an  atmosphere  of  air  upon  the  moon  are 
equally  conclusive  against  an  atmosphere  of  vapour.  It  might, 
therefore,  be  inferred  that  no  liquids  can  exist  on  the  moon's  sur- 
face, since  they  would  be  subject  to  evaporation.  Sir  John  Herschel, 
however,  ingeniously  suggests  that  tho  nonexistence  of  vapour  is 
not  conclusive  against  evaporation.  One  hemisphere  of  the  moon 
being  exposed  continuously  for  328  hours  to  the  glare  of  sunshine 
of  an  intensity  greater  than  a  tropical  noon,  because  of  the  absence 
of  an  atmosphere  and  clouds  to  mitigate  it,  while  the  other  is  for  an 
equal  interval  exposed  to  a  cold  hr  more  rigorous  than  that  which 
prevails  on  the  summits  of  the  loftiest  mountains  or  in  the  polar 
region,  the  consequence  would  be  the  immediate  evaporation  of  all 
liquids  which  might  happen  to  exist  on  the  one  hemisphere,  and  the 
instantaneous  condensation  and  congelation  of  the  vapour  on  the 
other.  The  vapour  would,  in  short,  be  no  sooner  formed  on  tho 
enlightened  hemisphere  than  it  would  rush  to  the  vacuum  over  the 
dark  hemisphere,  where  it  would  be  instantly  condensed  and  con- 
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geaUy  an  effect  whioh  Hefaohel  Aptly  illufitrates  by  the  finniliar 
expenmeot  of  the  cbyophokus.  The  cooseqaence,  as  he  ob- 
Mnei,  of  this  state  of  things^  would  be  absolute  aridity  below  the 
vertieal  ami,  constant  accretion  of  hoar  frost  in  the  opposite  region, 
and  peritaps  a  narrow  xone  of  running  water  at  the  borders  of  the 
eoligfateaed  hemisphere.  He  conjectures  that  this  rapid  altemaUon 
of  enpoiation  and  condensation  may  to  some  extent  preserve  an 
qailibriam  of  temperature,  and  mitigate  the  severity  of  both  the 
dianud  and  nocturnal  conditions  of  the  surface.  He  admits,  ncver- 
fcbelesB,  that  such  a  supposition  could  only  be  compatible  with  the 
tests  of  the  absence  of  a  transparent  atmosphere  even  of  vapour 
within  extremely  narrow  limits;  and  it  remains  to  be  seen  whether 
tile  genenl  physical  condition  of  the  lunar  surface,  as  disclosed  by 
the  telescope^  be  not  more  compatible  with  the  supposition  of  the 
total  abaenee  of  all  liquid  whatever. 

It  appears  to  have  escaped  the  attention  of  those  who  assume  the 
pQBBibility  of  the  existence  of  water  in  the  liquid  state  on  the  moon, 
thai,  in  the  absence  of  an  atmosphere,  the  temperature  must  neccs- 
nnly  he,  not  only  far  below  the  point  of  congelation  of  water,  but 
even  that  of  most  other  known  liquids.  Even  within  the  tropics, 
>od  vndet  the  line  with  a  vertical  sun,  the  height  of  the  snow  line 
^not  exceed  16,000  feet  (2187),  and  nevertheless  at  that  eleva- 
tMyand  still  higher,  there  prevails  an  atmosphere  capable  of  sup- 
pxtb^  a  considerable  column  of  mercury.  At  somewhat  greater 
dera^ma,  but  still  in  an  atmosphere  of  very  sensible  density,  mer- 
earj  is  congealed.  Analogy,  therefore,  justifies  the  inference  that 
the  total,  or  nearly  total,  absence  of  air  upon  the  moon  is  altogether 
iocompatible  with  the  existence  of  water,  or  probably  any  other 
Mj  in  the  Uqnid  state,  and  necessarily  infers  a  temperature  alto- 
gether hxsompatible  with  the  existence  of  organised  beings  in  any 
Raneet  analogous  to  those  which  inhabit  the  earth. 

Bat  another  conclusive  evidence  of  the  nonexistence  of  liquids  on 
the  moon  is  found  in  the  form  of  its  surface,  which  exhibits  none 
of  tkcae  well-understood  appearances  which  result  from  the  long- 
coDtiniied  action  of  water.  The  mountain  formations  with  which 
tk  entin  visible  sur&ce  is  covered  are,  as  will  presently  appear, 
iniveraally  so  abrupt,  precipitous,  and  unchangeaUe,  as  to  be  utterly 
ineompaitible  with  the  presence  of  liquids. 

2486.  Abaenee  of  air  deprives  idar  light  and  Tieat  of  their 
«^<^. — The  absence  of  air  also  prevents  the  diflfusion  of  the 
aohr  light  It  has  been  already  shown  ^923)  that  the  general 
^ifoioQ  of  the  son's  light  upon  the  earth  is  mainly  due  to  the 
Kllection  and  refraction  of  the  atmosphere,  and  to  the  light  reflected 
hy  the  clouds ;  and  that  without  such  means  of  diffusion  the  solar 
slight  would  only  illuminate  those  places  into  which  its  rays  would 
Wdly  penetrate.    Every  place  not  in  full  sunshine,  or  exposed  to 
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flome  illaminated  snrfaoe,  would  be  involved  in  the  most  pitehj 
darkness.  The  sky  at  noon-day  would  be  intensely  black ;  for  the 
beautiful  asure  of  our  firmament  in  the  day-time  is  due  to  the 
reflected  colour  of  the  air. 

Thus  it  appears  that  the  absence  of  ur  must  deprive  the  sun's 
illuminating  and  heating  agency  of  nearly  all  itB  utility.  If  no 
diffusion  of  light  and  no  retention  and  accumulation  of  heat,  such 
as  an  atmosphere  supplies,  prevail,  it  b  impossible  to  conceive  the 
existence  and  maintenance  of  an  organised  world  having  any  analogy 
to  the  earth. 

2487.  As  seen  from  the  moon,  appearance  of  the  earth  and  the 
JirmamenL  —  If  the  moon  were  inhabited,  observers  placed  upon 
it  would  witness  celestial  phenomena  of  a  singular  description, 
differing  in  many  respects  from  those  presented  to  the  inhabitants 
of  our  globe.  The  heavens  would  be  perpetually  serene  and  cloud- 
less. The  stars  and  planets  would  shine  with  extraordinary  splen- 
dour during  the  long  night  of  328  hours.  The  inclination  of  her 
axis  being  only  5^,  there  would  be  no  sensible  changes  of  season. 
The  year  would  consist  of  one  unbroken  monotony  of  equinox.  The 
inhabitants  of  one  hemisphere  would  never  see  the  earth ;  while  the 
inhabitants  of  the  other  would  have  it  constantly  in  their  firmament 
by  day  and  by  night,  and  always  in  the  same  position.  To  those 
who  inhabit  the  central  part  of  the  hemisphere  presented  to  us,  the 
earth  would  appear  stationaiy  in  the  zenith,  and  would  never  leave 
it,  never  rising  nor  setting,  nor  in  any  degree  changing  its  position 
in  relation  to  the  zenith  or  horizon.  To  those  who  inhabit  places 
intermediate  between  the  central  part  of  that  hemisphere  and  those 
places  which  are  at  the  edge  of  the  moon's  disk,  the  earth  would 
appear  at  a  fixed  and  invariable  distance  from  the  zenith,  and  also 
at  a  fixed  and  invariable  azimuth ;  the  distance  from  the  zenith  being 
everywhere  equal  to  the  distance  of  the  observer  from  the  middle 
point  of  the  hemisphere  presented  to  the  earth.  To  an  observer  at 
any  of  the  places  which  are  at  the  edge  of  the  lunar  disk,  the  earth 
would  appear  perpetually  in  a  fixed  direction  on  the  horizon. 

The  earth  shone  upon  by  the  sun  would  appear  as  the  moon  does 
to  us ;  but  with  a  disk  having  an  apparent  diameter  greater  than 
that  of  the  moon  in  the  ratio  of  79  to  21,  and  an  apparent  super- 
ficial magnitude  about  fourteen  times  greater,  and  it  would  oonse- 
quently  have  a  proportionately  illuminating  power. 

Earth  light  at  the  moon  would,  in  fine,  be  about  fourteen  times 
more  intense  than  moonlight  at  the  earth.  The  earth  would  go 
through  the  same  phases  and  complete  the  series  of  them  in  tlie 
same  period  as  that  which  regulates  the  succession  of  the  lunar 
phases,  but  the  oorrespondine  phases  would  be  separated  by  the^ 
interval  of  half  a  month.     When  the  moon  is/u//  to  the  earth,  the 
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wrdi  b  nmo  to  the  moon,  and  vice  vertd :  when  the  moon  is  a 
erasoent,  the  earth  is  gibboosy  and  vice  vend. 

Hie  featues  el  lig^t  and  shade  would  not,  as  on  the  moon^  be 
all  pennanent  and  inTaiiable.  80  fiur  as  they  ironld  arise  from  the 
doods  floating  in  the  tenestrial  atmosphere,  they  woold  be  variable. 
Neverthelessy  their  arrangement  woold  haxe  a  eertain  relation  to  the 
equator,  owing  to  the  ^ect  ef  the  preTailing  atmospheric  currents 
parallel  to  the  line.*  This  eaose  wonld  prodooe  streaks  of  Hffht 
and  shade,  the  general  direction  of  which  would  be  at  right  angles 
to  the  earth's  axis,  and  the  appearance  of  which  wonld  be  in  idl 
respects  similar  to  the  belts  which,  as  will  appear  hereafter,  are 
obserred  npon  some  oi  the  planets,  and  which  are  ascribed  to  a 
like  physical  cauae. 

Throngh  the  openings  of  the  elonds  the  permanent  geographical 
features  of  the  soiface  of  the  earth  wonld  be  apparent,  and  wonld 
probably  exhibit  a  Tariety  of  tints  according  to  the  prevailing  cha- 
racters of  the  soil,  as  is  observed  to  be  the  ease  with  the  planet 
Mars  even  at  an  immensely  greater  distance.  The  rotation  of  the 
earth  npon  its  axis  wonld  be  distinctlv  observed  and  its  time  ascer* 
faioed.  The  continents  and  seas  wonld  be  seen  to  disappear  in  suo- 
eession  at  one  dde  and  to  reappear  at  the  other,  and  to  pass  across 
the  disk  of  the  earth  as  carried  round  by  the  diurnal  rotation. 

2488.  ?F%y  ihe  fitU  disk  of  Ae  mam  is  faintfy  vinhk  ai  new 
moafi.^-8oon  after  conjunction,  when  the  moon  appears  as  a  thin 
oreseent,  bnt  is  so  removed  from  the  sun  as  to  be  seen  at  a  suffi- 
dent  altitnde  after  sunset,  the  entire  lunar  disk  appears  faintly 
illuminated. within  the  horns  of  the  crescent  This  phenomenon 
is  ex;^ned  by  the  e&ct  of  the  earth  shining  upon  the  moon  and 
illuminating  it  by  reflected  light  as  the  moon  illuminates  the  earth, 
bat  frith  a  degree  of  intensity  greater  in  the  ratio  of  about  14  to  1. 
According  to  what  has  just  been  explained,  the  earth  appears  to  the 
moon  nearly  full  at  the  time  when  the  moon  appears  to  the  earth  as 
a  thin  crescent,  and  it  therefore  receives  then  the  strongest  possible 
iliuminatian.  As  the  lunar  crescent  increases  in  breadth,  the  phase 
of  the  earth  as  seen  from  the  moon  becomes  less  and  less  full,  and 
the  intensity  of  the  illumination  is  proportionately  diminished. 
Hence  we  find,  that  as  the  lunar  crescent  passes  gradually  to  the 
quarter,  the  complement  of  the  lunar  disk  becomes  gradually  more 
ttintly  visible,  and  soon  disappears  altogether. 

2489.  F^^al  eondttion  of  the  moan*9  turface, — ^If  we  examine 
the  moon  carefully,  even  wiUiout  the  aid  ef  a  telescope,  we  shall 
discover  npon  it  distinct  and  definite  lineaments  of  light  and  shadow. 
These  featnies  never  change ;  there  they  remain,  always  in  the  same 
position  upon  the  visible  orb  of  the  moon.     Thus  the  features  that 

*  See  Chapter  on  the  tides  aad  trade  winds, 
ni.  18 
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ooonpy  its  oeniie  now  bare  occupied  the  same  pomtioii  throtiglioct 
all  human  record.  We  have  already  stated  that  the  first  and  most 
obyions  inference  which  this  fiict  suggests,  is  that  the  same  hemi- 
sphere of  the  moon  is  always  present^  tomrd  the  earth,  and  conse- 
quently, the  other  hemisphere  is  never  seen.  This  singular  cfaarao- 
teristic  which  attaches  to  the  motion  of  the  moon  round  the  eartb, 
seems  to  be  a  general  characteristic  of  all  other  moons  in  the  system. 
Sir  William  Herschel,  by  the  aid  of  his  powerful  telescopes,  observed 
indications  which  render  it  probable  that  the  moons  of  Jai»ter 
revolve  in  the  same  manner,  each  presenting  continually  the  same 
hemisphere  to  the  planet.  The  cause  of  this  peculiar  motion  has 
been  attempted  to  be  explained  by  the  hypothesis  that  the  hemi- 
sphere of  the  satellite,  which  is  turned  toward  the  planet,  is  very 
elongated  and  protuberant,  and  it  is  the  excess  of  its  weight  which 
makes  it  tend  to  direct  itself  always  toward  the  primary,  in  obedience 
to  the  universal  principle  of  attraction.  Be  thb  as  it  may,  the 
effect  is,  that  our  selenographical  knowledge  is  necessarily  limited 
to  that  hemisphere  which  is  turned  toward  us. 

But  what  is  the  condition  and  character  of  the  surface  of  the 
moon  ?  What  are  the  lineaments  of  light  and  shade  which  we  see 
upon  it  ?  There  is  no  object  outside  the  earth  with  which  the  tele- 
scope has  afforded  us  such  minute  and  satisfactory  information. 

If,  when  the  moon  is  a  crescent,  we  examine  with  a  telescope, 
even  of  moderate  power,  the  concave  boundary,  which  is  that  part 
of  the  surface  where  the  enlightened  hemisphere  ends  and  the  dark 
hemisphere  begins,  we  shall  find  that  this  txmndary  is  not  an  even 
and  regular  curve,  which  it  undoubtedly  would  be  if  the  sur&oe 
were  smooth  and  regular,  or  nearly  so.  If,  for  example,  the  lunar 
surfince  resembled  in  its  general  characteristics  that  of  our  globe, 
supposing  that  the  entire  surface  is  land,  having  the  general  cbarac- 
teristios  of  the  continents  of  the  earth,  the  inner  boundary  of  the 
lunar  crescent  would  still  be  a  regular  curve  broken  or  interrupted 
only  at  particular  points.  Where  great  mountain  ranges,  like  those 
of  the  Alps,  the  Andes,  or  the  Himalaya,  might  chance  to  cross  it, 
these  lofly  peaks  would  project  vastly  elongated  shadows  along  the 
adjacent  plain ;  for  it  will  be  remembered  that,  being  situated,  at 
the  moment  in  question,  at  the  boundary  of  the  enlightened  and 
darkened  hemispheres,  the  shadows  would  be  those  of  evening  or 
morning ;  which  are  prodigiously  longer  than  the  objects  themselves. 
The  effect  of  these  would  be  to  cause  gaps  or  irregularities  in  the 
general  outline  of  the  inner  boundary  of  the  crescent  With  these 
rare  exceptions,  the  inner  boundary  of  the  crescent  produced  by  a 
globe  like  the  earth  would  be  an  even  and  regular  curve. 

Such,  however,  is  not  the  case  with  the  inner  boundary  of  the 
lunar  crescent,  even  when  viewed  by  the  naked  eye,  and  still  less 
so  when  magnified  by  a  telescope. 
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li  18  fbvnd^  OD  the  oontrary,  ragged  and  serrated,  and  brilliaDtly 
iUQmioated  points  are  seen  in  the  dark  parts  at  some  distance  from 
it,  while  dark  shadows  of  considerable  length  appear  to  break  into 
the  illnminated  surface.  The  inequalities  thus  apparent  indicate 
singidar  characteristiGS  of  the  surface.  The  bright  points  seen  within 
the  dark  heniisphere,  are  the  peaks  of  lofty  mountains  tinged  with 
the  sub's  light    They  are  in  the  condition  with  which  all  trayellers 

in  Alpine  conntries  are  familiar; 
after  the  sun  has  set,  and  darkness 
has  set  in  over  the  valleys  at  the 
foot  of  the  chain,  the  sun  still 
continues  to  illuminate  the  peaks 
above. 

The  sketch  of  the  lunar  crescent 
in  fig.  730,  will  illustrate  these 
observations. 

The  visible  hemisphere  of  our 
satellite  has,  within  the  last  quarter 
of  a  century,  been  subjected  to  the 
most  rigorous  examination  which 
unwearied  industry,  aided  by  the 
vast  improvement  which  has  been 
effected  in  the  instruments  of  tele- 
scopic observation,  rendered  possi- 
sible;  and  it  is  no  exaggeration 
now  to  state  that  we  possess  a 
chart  of  that  hemisphere  which  in 
looara^  of  detail  fiir  exceeds  any  similar  representation  of  the 
earth's  surface. 

Among  the  selenographical  observers,  the  Prussian  astronomers, 
MM.  Beer  and  Madler,  stand  pre-eminent.  Their  descriptive  work 
entitled  Der  Monde  contains  the  most  complete  collection  of  observa- 
tioDs  on  the  physical  condition  of  our  satellite,  and  the  chart,  mea- 
soring  37  inches  in  diameter,  exhibits  the  most  complete  represen- 
tation of  the  lunar  surface  extant.  Besides  this  great  work,  a 
selenographic  chart  was  produced  by  Mr.  Russell,  from  observations 
made  with  a  seven-foot  reflector,  a  similar  delineation  by  Lohrmann, 
and,  in  fine,  a  very  complete  model  in  relief  of  the  visible  hemisphere 
by  Madame  Witte,  an  Hanoverian  lady. 

To  convey  to  the  student  any  precise  or  complete  idea  of  the  mass 
of  information  collected  by  the  researches  and  labours  of  these  emi- 
nent observers,  would  be  altogether  incompatible  with  the  necessary 
limits  of  a  work  like  that  Tirhich  we  have  undertaken.  We  shall 
therefore  confine  ourselves  to  a  selection  from  some  of  the  most  re- 
markable results  of  those  works,  aided  by  the  telescopic  chart  of  the 
ioath-eastem  quadrant  of  the  moon's  disk,  given  in  Plate  I.,  which 
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his  been  redaoed  from  the  great  chart  of  Beer  and  Hftdlery  die  soda 
bemg  exactly  one  half  of  that  of  the  original. 

2490.  General  DESOKiPTioif  or  the  Moon^s  SmtrACS. 

(a)  Description  of  the  chart,  PlaU  I. — Hie  entire  snrfaee  of  the  ririble 
Itemispbere  of  the  moon  is  thickly  coTered  with  inemitKmoQS  mMBeB  and 
ranges  of  Tariotts  forms,  magnitades,  aad  faeii^tSy  in  #hidi,  howerer,  the 
prevalence  of  a  circnlar  or  crater-like  form  is  oonq)icQOQS.  The  mere  in- 
spection of  the  chart  of  the  S.  £.  quadrant,  Plate  L,  will  render  this  evident; 
and  the  other  three  quadrants  of  the  disk  do  niot  M»  ftom  Abf  fis  tteir 
general  character.* 

(b)  Catuet  of  the  Unit  of  white  and^ay  on  the  moor^s  ML  —  1^  TsrioaiB 
tints  of  white  and  gray  which  mark  the  lineaments  observed  apon  Ihe  dSftk 
of  the  full  moon  arise  partly  from  the  different  retfecting  powers  ef  dte 
matter  composing  different  parts  of  the  lunar  surface,  and  partly  from  tiie 
different  angles  at  which  the  rays  of  the  solar  Ught  are  inddeant  u^^  thett. 
If  tJie  surface  of  the  lunar  hemisphere  itett  unifonaiy  ley^  or  neatly  sd, 
these  angles  of  incidence  would  be  determined  by  the  pontSon  of  each  point 
with  relation  to  the  centre  of  the  illuialnated  hemisphere ;  vik^j  in  ftat 
ease,  the  tints  would  be  more  regular  and  would  vary  ia  rela'^m  prineipalty 
to  Uie  centre  of  the  disk ;  but,  owing  to  the  great  inequalities  of  lerd,  ssid 
the  vast  and  complicated  mountainous  masses  which  project  fiPom  every 
part  of  the  surface,  and  the  great  depths  of  the  cavities  and  plaaiis  wlueh 
are  surrounded  by  the  circular  mountain  ranges,  Ae  angles  of  inefdence  «f 
the  solar  rays  are  subject  to  extreme  and  irregular  variation,  which  produce 
those  lineaments  and  forms  tinted  with  rarious  diades  of  gray  and  white 
with  which  every  eye  is  familiar. 

(e)  Shadotct  visible  only  in  the  phatee —  they  tuppiy  fneaturee  of  Aeiyhts  Md 
dtpihe. — When  the  moon  is  full,  no  shadows  upon  it  can  be  seen,  because,  in 
tiiat  position,  the  visual  ray  ooinddiag  with  the  luminous  ray,  each  object 
is  directiy  interposed  between  the  observer  and  its  shadow.  As  the  phases 
progress,  however,  the  shadows  gradually  oome  into  view;  beoause  the 
yisutiX  ray  is  inclined  at  a  gradually  increasing  angle  to  the  solar  ray,  and, 

*  It  must  be  observed  that  the  chart  represents  the  moon's  disk  as  it  is 
seen  on  the  south  meridian  in  an  astronomical  telescope.  As  tiiat  instru- 
ment produces  an  inverted  image,  the  south  pole  appears  at  the  highest 
and  the  north  pole  at  the  lowest  point  of  the  disk,  and  the  eastern  limit  is 
on  the  right  and  the  western  on  the  left  of  the  observer,  all  of  which  posi- 
tions are  the  reverse  of  those  which  the  same  points  have  when  viewed 
without  a  telescope,  or  with  one  which  does  not  invert  The  longitudes 
are  measured  east  and  west  of  the  meridian  whieh  Mseets  the  visible  disk. 
The  original  chart  is  engraved  in  four  separate  sheets,  each  representing  a 
quadrant  of  the  ri»ble  hemisphere.  The  names  of  the  various  seleno- 
graphical  regions  and  more  prominent  mountains  are  indicated  on  the 
chart,  and  have  been  taken  generally  from  those  of  eminent  scientific  men. 
The  meridians  drawn  on  the  chart  divide  the  surface  into  zones,  each  of 
which  measures  five  degrees  of  longitude,  and  the  parallels  to  the  equator 
divide  it  into  tones,  haring  each  tiie  width  of  five  degrees  of  latitude.  The 
moon*8  diameter  being  less  than  that  of  the  earth  in  the  ratio  of  100  to  866 
a  degree  of  lunar  latitude  is  less  than  60  geographical  miles  in  the  same 
proportion,  and  is,  therefore,  equal  to  16  geographical  miles.  This  supplies 
a  scale,  by  which  the  magnitudes  on  the  chart,  Plate  I.,  may  be  approsd* 
mately  estimated. 
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in  thi  qurfen,  this  tngle  haTing  increased  to  90<»,  and  the  boundary  of 
the  enfighteoed  hemisphere  being  then  in  the  centre  of  the  hemisphere 
presented  to  the  obeerrer,  the  position  is  most  fayourable  for  the  observation 
fi  the  dudovs  bj  which  chiefly,  not  only  the  forms  and  dispositions  of 
the  Boaatiiaous  naases  and  the  intervening  and  enclosed  valleys  and 
imTims  are  ascertained,  but  their  heights  and  depths  are  measared.  This 
httHT  pceUem  is  aolved  by  the  well-nnderstood  principles  of  geometrical 
pN|eetion,  when  the  directions  of  the  visual  and  solar  rays,  the  position  of 
the  ebgtet,  and  of  the  BorDwe  on  which  the  riiadows  are  projected,  are 
NTtnUlf  giveiL 

(d)  {Ta^brai  pmtekei,  edUtd  oceans,  teat,  j><;.,  proved  to  be  irregular  land 
M^fbae.-.  Uniform  paitehes  of  greater  or  lees  extent,  each  having  an  uni* 
fbriB  gray  tint  more  or  lesadark,  having  been  8npi>osed,  by  early  observers, 
It  be  large  ooUectloBs  of  water,  were  designated  by  the  names,  Ocbaktts, 
Mill,  Pakos,  Laous,  Sinus,  &o.  These  names  are  still  retained,  but  the 
iaenued  power  of  the  telescope  has  proved  that  such  regions  are  diver* 
■M,  like  die  reet  of  the  lunar  sorfkce,  by  inequalities  and  undulations-, 
•f  penuaeat  forms,  and  are  therefore  not,  as  was  imagined,  water  or  other 
fi^asL  They  differ  from  other  regions  only  in  the  magnitude  of  the  mountain 
msma  whidi  prerail  upon  them.  About  two-thirds  of  the  visible  hemi- 
iphers  of  the  moon  consists  of  this  character  of  surface.  Examples  of 
then  are  presented  by  the  Mare  Nubium,  Ooeanus  ProceUarum,  Mare  Hu^- 
aMTia,  &e.,  on  the  chart 

jt)  Wkker  tpou,  mountatne.  —  The  more  intensely  white  parts  are  moun- 
taiiuof  variens  magnitude  and  form,  whose  h«ght,  relatively  to  the  moon's 
"t^Bitade,  greatly  exceeds  that  of  the  most  stupendous  terrestrial  emi- 
Miieee;  and  there  are  many,  characterised  by  an  abruptness  and  steepness 
1*^  somelinMs  assume  the  position  of  a  vast  vertical  wall,  altogether 
vithoat  example  upon  the  earth.  These  are  generally  disposed  in  broad 
■ueei,  lying  in  close  contiguity,  and  intersected  with  vast  and  deep 
^cyi,  goffies,  and  abysses,  none  of  which,  however,  have  any  of  the 
c^uietert  whidi  betray  the  agency  of  water. 

(/)  Cloita  of  circular  mounlain  rcuiget,  —  Circular  ranges  of  mountains 
I'iu^  were  it  not  for  their  vast  magnitude,  might  be  inferred  from  their 
fan  to  have  been  volcanic  craters,  are  by  far  the  most  prevalent  arrange* 
*nit  These  have  been  denominated,  according  to  their  magnitudes,  Bul- 
vakx  Punrs,  Biro  Movktaibs,  Cratbrs,  and  Holes. 

{9)  Bulwark  plains,  —  These  are  circular  areas,  varying  from  40  to  120 
ailee  io  diameter,  encloeed  by  a  ring  of  mountain  ridges,  mostly  contiguous, 
btt  ia  some  eases  intersected  at  one  or  more  points  by  vast  ravines.  The 
cseloied  area  is  generally  a  plain  on  which  mountains  of  less  height  are 
*^  ioatlered.  The  surrounding  circular  ridge  also  throws  out  spurs, 
M  externally  and  internally,  but  the  latter  are  generally  shorter  than 
^  fenaer.  In  some  cases,  however,  internal  spars,  which  are  diainetri- 
^J  oppoeed,  unite  in  the  middle  so  as  to  cut  in  two  the  enclosed  plain. 
I*  Me  rare  cases  the  enclosed  plain  is  uninterrupted  by  mountains,  and 
It  IB  aliBost  invariably  depressed  below  the  general  level  of  the  surrounding 
"■^    A  few  instances  are  presented  of  the  enclosed  plain  being  convex. 

The  mountainous  circle  enclosing  these  vast  areas  is  seldom  a  &gle  ridge. 
It  eonasts  more  generally  of  several  concentric  ridges,  one  of  which,  how- 
ever, always  dominates  over  the  rest  and  exhibits  an  unequal  summit, 
l^kea  by  stupendous  peaks,  which  here  and  there  shoot  up  from  it  to  vast 
^tt^ts.  Occasionally  it  is  also  interrupted  by  smaller  mountains  of  the 
®*»larfonn. 

Siaaiples  of  bulwark  plains  are  presented  in  the  cases  of  Clavius,  Wal- 
to,  Regiomontanus,  Parbuch,  Alphonse,  and  PtolemsBus. 

18* 
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The  diameter  of  Clavius  is  124  miles,*  and  the  enclosed  area  is  12;000 
square  miles.  One  of  the  peaks  of  the  surroimdiDg  ridge  shoots  up  to  the 
height  of  16,000  feet 

The  diameter  of  PtolemaDus  is  100  miles,  and  it  encloses  an  area  of  6,400»- 
sqnare  miles.   This  area  is  intersected  by  nnmerons  small  ridges,  not  si>boTe 
a  mile  in  breadth  and  100  feet  in  height     Ptolemsus  is  sarronndod  by 
Tory  high  mountains,  and  is  remarkable  for  the  predpitoos  ehara^tor  of  itm 
inner  sides. 

The  other  bulwark  plains  abore  named  haTe  nearly  the  same  oharaeter, 
but  less  dimensions. 

(A)  Ring  tnountaifu.  —  These  oirenlar  formations  areonasmnller  aoale 
than  the  bulwark  plains,  Tarying  from  10  to  60  miles  in  diameter,  and  thej 
^re  generally  more  regular  and  more  exactly  cireular  in  their  form.  They 
are  sometimes  found  upon  the  ridge  which  enoloses  a  bulwark  plain,  thus 
interrupting  the  continuity  of  their  boundary,  and  sometimes  they  are  seen 
within  the  enclosed  area.  Sometimes  they  stand  in  the  midst  of  the  wigrfj. 
Their  inner  declivity  is  always  steep,  and  Uie  enclosed  area,  which  la  always 
ooncare,  often  includes  a  oentral  mountain,  presenting  thus  the  general 
character  of  a  Tolcanic  crater,  but  on  a  scale  of  magnitude  without  example 
in  terrestrial  volcanoes.  The  surface  enclosed  is  always  lower  than  the 
region  surrounding  the  enclosing  ridge,  and  the  central  mountain  often  rises 
to  such  a  height  that,  if  it  were  levelled,  it  would  fill  the  depression. 

(i)  l)fekOf  a  ring  mountain,  —  The  most  remarkable  example  of  this  class 
is  Tyoho  (see  chart,  lat  42o,  long.  \2^),  This  object  is  distingnisfaable 
without  a  telescope  on  the  lunar  disk  when  full ;  but,  owing  to  the  multi- 
tude of  other  features  which  become  apparent  around  it  in  the  phaaes,  it 
can  then  be  only  distinguished  by  a  perfect  knowledge  of  its  position*  and 
with  a  good  telescope.  The  enclosed  area,  which  is  very  nearly  eiroular, 
is  47  miles  in  diameter,  and  the  inside  of  the  enclosing  ridge  has  the 
steepness  of  a  wall.  Its  height  above  the  level  of  the  enclosed  plain  is  . 
16,000  feet,  and  above  that  of  the  external  region,  12,000  feet  There  is 
a  central  mount,  height  4,700  feet,  besides  a  few  lesstf  hills  within  the 
enclosure. 

{k)  CraUrt  and  hoUt,  —  These  are  the  smallest  formations  of  the  eircnlar   ' 
class.    Craters  enclose  a  visible  area,  containing  generally  a  central  mound 
or  peak,  exhibiting  in  a  strildng  manner  the  volcanic  character.      Holes 
include  no  visible  area,  but  may  possibly  be  craters  on  a  scale  too  smsUl  to 
be  distinguished  by  the  telescope. 

Formations  of  this  class  are  innumerable  on  every  part  of  the  risible 
surface  of  the  moon,  but  are  no  where  more  prevalent  than  in  the  re^on 
around  l^cho,  which  may  be  seen  on  a  very  enlarged  scale  in  Plate  II. , 
which  represents  that  ring  mountain,  and  the  adjacent  region,  extending  orer 
sixteen  degrees  of  latitude,  and  from  sixteen  to  twenty  degrees  of  loog:itnde. 

(I)  Otha-  mountain /omuUians,  —  Besides  the  preceding,  which  are  the 
most  remarkable,  the  most  characteristic,  and  the  most  prevalent*  tliere 
are  various  other  forms  of  mountain,  classified  by  Beer  and  Madlcr,  but 
which  our  limits  compel  us  to  omit 

(m)  Singular  and  unexplained  optical  phenomenon  of  radiating  MtreaJks, 

Among  the  most  remarkable  phenomena  presented  to  lunar  obserrere,  is 
the  systems  of  streaks  of  light  and  shade,  which  radiate  from  the  borders 
of  some  of  the  largest  ring  mountains,  spreading  to  distances  of  several 
hundred  miles  around  them.     Seven  of  the  mountains  of  this  class,  -viz. 
Tycho,  Copernicus,  Kepler,  Pyrgius,  Anaxagorus,  Aristarchas,  and  Olbers* 

*  The  geographical  mile,  or  the  sixtieth  part  of  a  degree  of  the  esu-th'v 
meridian. 
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ftre  screraUy  the  centres  round  which  tibie  extrmorcUnaiy  rttdiAikni  is  mani- 
fested. Simflar  phenomena,  lees  conspionoiisly  developed,  howeTcr,  are 
Tieible  around  Meyer,  Euler,  Produs,  AristiUiis,  Tunoeharis,  and  some 
othersL 

These  phenomena,  as  displayed  when  Ihe  moon  is  Ml  aroimd  Tyeho,  are 
repreaeated  in  Plate  IIL  on  the  same  scale  as  Plate  IL 

These  radiating  streaks  commence  at  a  distanoe  of  about  20  miles  out- 
side the  eirenlar  ridge  of  Tycho.  From  that  limit  they  diTerge  and  orer- 
spresd  fhlly  a  fourth  part  of  the  visible  hemisphere.  On  the  S.  they 
extend  to  the  edge  of  the  disk ;  on  the  S.  to  Hainzel  and  Capvanns ;  on 
the  S.E.  to  the  Mare  Nubinm ;  on  the  N.  to  Alphonse ;  on  the  N.W.  to  the 
Mare  Kectaris,  and  to  the  W.,  so  as  to  ooTsr  nearly  the  entire  sonth-westem 
qosdrant 

They  are  only  Tisible  when  the  snn's  rays  fall  upon  the  region  of  Tycho 
at  an  incidence  greater  than  25^,  and  the  more  perpendicularly  the  rays 
fall  upon  it,  the  more  fully  dcTcloped  the  phenomena  will  be.  They  are, 
therefore,  only  seen  in  their  splendour,  as  represented  in  Plate  III.,  when 
the  moon  is  full.  As  the  moon  moves  from  opposition  to  the  last  quarter, 
the  streaks  therefore  gradually  disappear,  and  the  shadows  of  the  moun- 
tain formations  are  at  the  same  time  i^adually  brought  into  view,  so  that 
the  aspect  of  the  moon  undergoes  a  complete  transformation.  This  change 
may  be  very  well  exhibited  by  holding  the  Plate  IIL  before  a  window  to 
which  the  back  of  the  observer  is  turned.  He  will  then  see  the  phenomena 
as  they  are  presented  on  the  full  moon.  Let  him  then  turn  slowly  upon 
his  heel  until  his  face  is  presented  to  the  window,  holding  the  paper  be- 
tween his  eyes  and  the  light.  The  Plate  II.  will  then  be  seen  by  means  of 
the  transparency  of  the  paper,  and  it  will  gradually  become  more  and  more 
distinctly  apparent  as  he  turns  more  directly  towards  the  light* 

Although  the  mountain  formations  generally  disappear  under  the  splen- 
dour of  these  radiating  streaks,  some  few,  as  will  be  perceived  on  Plate 
III.,  continue  to  be  visible  through  them. 

None  of  the  numerous  selenographio  observers  have  proposed  any  satis- 
factory explanation  of  these  phenomena,  which  are  exhibited  nearly  in  the 
same  manner  around  the  other  ring  mounuins  above  named.  Sdlir^ter 
BQpposed  them  to  be  mountains,  an  hypothesis  overturned  by  the  observa- 
tions since  made  with  more  powerful  instruments.  Herschel,  the  elder, 
snggested  the  idea  of  streams  of  lava ;  Cassini  imagined  they  might  be 
cloods;  and  others  even  suggested  the  possibility  of  their  being  roads  I 
Madler  imagines  that  these  ring  mountains  may  have  been  among  the  first 
selenological  formations ;  and,  consequently,  Uie  points  to  whidi  all  the 
gases  evolved  in  the  formation  of  our  satellite  would  have  been  attracted. 
These  emanations  produced  effects,  such  as  vitrification  or  oxydation,  which 
modified  the  reflective  powers  of  Um  surface.  We  must,  however,  dismiss 
these  conjectures,  however  ingenious  and  attractive,  reNferring  those  who 
desire  to  pursue  the  subject  to  the  original  work. 

(n)  Environs  of  Tycho, — This  region  is  crowded  with  hundreds  of  peaks, 
crests,  and  craters  (see  Plate  II.) ;  not  the  least  vestige  of  a  plain  can 
anywhere  be  discovered.  Towards  the  £.  and  S.E.  craters  predominate, 
while  to  the  W.  chains  parallel  to  the  ring  are  more  numerous.    On  the  S. 

*  This  ingenious  expedient  is  suggested  by  Madler.  It  must  be  remem- 
bered, however,  that,  while  Plate  IL  represents  the  region  as  it  appears  in 
a  telescope  which  inverts,  Plate  III.  represents  it  as  if  it  were  reflected  in 
a  mirror,  or  as  it  would  be  seen  with  a  telescope  having  a  prismatic  eye- 
piece. 


212  ASTRONOMY. 

the  jnoQBtunB  are  thickly  scattered  in  confused  masses.  At  a  distance  of 
16  to  26  miles,  craters  and  small  ring  mountains  are  seen,  few  being  cir- 
cular, but  all  approaching  to  that  form.  All  are  surrounded  bj  steep  ram- 
parts. 

(o)  Wilhelm  /. — This  is  a  considerable  ring  mountain  S.E.  of  Tycho. 
The  altitude  of  its  eastern  parapet  is  10,000  feet,  that  of  its  western  being 
only  6,000.  Its  crest  is  studded  with  peaks;  and  craters  of  Tarious  mag- 
nitudes, heights,  and  depths,  surrounding  it  in  great  numbers,  and  giTing 
a  Taried  appearance  to  iJie  adjacent  region. 

(p)  Lonffom<mtafM$,  —  A  large  circular  range,  having  a  diameter  of  80 
miles,  enclosing  a  plain  of  great  depth.  The  eastern  and  western  ridges 
rise  to  the  height  of  12,000  to  18,000  feet  aboTC  the  leyel  of  the  enclosed 
plain.  Its  shadow  sometimes  falls  upon  and  conceals  the  numerous  craters 
and  promontories  which  lie  near  it.  The  whole  surrounding  region  is 
saTage  and  rugged  in  the  highest  degree,  and  must,  according  to  M&dler, 
haTO  resulted  from  a  long  succession  of  convulsions.  The  principal,  and 
apparently  original,  crater  has  giyen  way  in  course  of  time  to  a  series  of 
new  and  less  riolent  eruptions.  All  these  smaller  formations  are  risible 
on  the  full  moon,  but  not  the  principal  range,  which  then  disappears, 
though  its  place  may  still  be  ascertained  by  its  known  position  in  rdation 
to  Tycho. 

(q)  Magmw, — This  range  N.W.  of  Tycho  (see  Plate  I.)  has  the  appear- 
ance of  a  Tast  and  wild  ruin.  The  wide  plain  enclosed  by  it  lies  in  deep 
shade  eyen  when  tiie  sun  has  risen  to  the  meridian.  Its  general  height  is 
18,000  feet.  A  broad  elevated  base  connects  the  numberless  peaks,  ter- 
races, and  groups  of  hills  constituting  this  range,  and  small  craters  are 
numerous  among  these  wild  and  confused  masses.  The  central  peak  ▲  is 
a  low  but  well-defined  hill,  close  to  which  is  a  crater^like  depression,  and 
other  less  considerable  hills. 

(r)  AnaU>^  to  tarrutrial  voleanoet  more  tgtparent  than  real  —  enlarged  view 
of  Oaesendi. — The  volcanic  character  observed  in  the  selenographic  forma- 
tions loses  much  of  its  analogy  to  like  formations  on  the  earth's  surface 
when  higher  magnif^ng  powers  enable  us  to  examine  the  details  of  what 
appear  to  be  craters,  and  to  compare  their  dimensions  with  even  the  most 
extensive  terrestrial  craters.  Numerous  examples  may  be  produced  to  il- 
lustrate this.  We  have  seen  that  Tycho,  which,  riewed  under  a  moderate 
magnifying  power,  appears  to  possess  in  so  eminent  a  degree  the  volcanic 
character,  is,  in  fact,  a  circular  chain  enclosing  an  area  upwards  of  fifty 
miles  in  diameter.  Gassendi,  another  system  of  like  form,  and  of  still 
more  stupendous  dimensions,  is  delineated  in  fig,  1,  Plate  IV.,  as  seen 
irith  high  magnifying  powers.  This  remarkable  object  consists  of  two 
enormous  circular  chains  of  mountains ;  the  lesser,  which  lies  to  the  north, 
measuring  16}  miles  in  diameter,  and  the  greater,  lying  to  the  south,  en- 
closing an  area  60  miles  in  diameter.  The  area  enclosed  by  the  former 
is  therefore  214,  and  by  the  latter  2,827  square  miles.  The  height  of  tlie 
lesser  chain  is  about  10,000  feet,  while  that  of  the  greater  varies  from  8,500 
to  6,000  feet.  The  vast  area  thus  enclosed  by  the  greater  chain  includes, 
at  or  near  its  centre,  a  principal  central  mountain,  having  eight  peaks  and 
a  height  of  2,000  feet,  while  scattered  over  the  surrounding  enclosure  up- 
wards of  a  hundred  mountains  of  less  considerable  elevation  have  been 
counted. 

It  is  easy  to  see  how  little  analogy  to  a  terrestrial  volcanic  crater  is  pre- 
sented by  these  characters. 

The  preceding  selections,  combiDed  with  the  charts,  Plates  T,  II, 
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ooean  of  water— 'prodacing  effects  analogous  to  tides ;  but  when  the 
qoantitj  of  such  an  effect  is  estimated,  it  is  proved  to  be  saoh  as 
oould  by  DO  means  account  for  the  meteorological  changes  here 
adverted  to. 

But  in  conducting  investigationB  of  this  kind  we  proceed  alto- 
gether in  the  wrong  direction,  and  begin  at  the  wrong  end,  when  we 
commence  with  the  investigation  of  the  physical  cause  of  the  sup- 
posed phenomena.  Our  first  business  is  carefully  and  accurately  to 
observe  the  phenomena  of  the  changes  of  the  weather,  and  then  to 
put  them  in  juxtaposition  with  the  contemporaneous  changes  of  the 
lunar  phases.  If  there  be  any  discoverable  correspondence,  it  then 
becomes  a  question  of  physics  to  assien  its  cause. 

Such  a  course  of  observation  has  been  made  in  various  observsr 
tories  with  all  the  rigour  and  exactitude  necessary  in  such  an  in- 
quiry, and  has  been  continued  over  periods  of  time  so  extended,  as 
to  efface  all  conceivable  effects  of  accidental  irregularities. 

We  can  imagine,  placed  in  two  parallel  columns,  in  juxtaposition, 
the  series  of  epochs  of  the  new  and  full  moons,  and  the  quarters, 
and  the  corresponding  conditions  of  the  weather  at  these  times,  for 
fifty  or  one  hundred  years  back,  so  that  we  may  be  enabled  to  ex- 
amine, as  a  mere  matter  of  fact,  the  conditions  of  the  weathor  for 
one  thousand  or  twelve  hundred  full  and  new  moons  and  quarters. 

From  such  a  mode  of  observation  and  inquiry,  it  has  resulted  con- 
clusively that  the  popular  notions  concerning  the  influence  of  the 
lunar  phases  on  the  weather  have  no  foundation  in  theory,  and  no 
correspondence  with  observed  &cts.  That  the  moon,  by  her  gravi- 
tation, exerts  an  attraction  on  our  atmo^here  cannot  be  doubted; 
but  the  effects  which  that  attraction  would  produce  upon  the  weather 
are  not  in  accordance  with  observed  phenomena ;  and,  therefore, 
these  effects  are  either  too  small  in  amount  to  be  appreciable  in  the 
actual  state  of  meteorological  instruments,  or  they  are  obliterated 
by  other  more  powerful  causes,  from  which  hitherto  they  have  not 
been  eliminated.  It  appears,  however,  by  some  series  df  observa- 
tions, not  yet  confirmed  or  continued  through  a  sufficient  period  of 
time,  that  a  slight  correspondence  may  be  discovered  between  the 
periods  of  rain  and  the  phases  of  the  moon,  indicating  a  very  feeble 
influence,  depending  on  the  reUtive  position  of  that  luminary  to  the 
sun,  but  having  no  discoverable  relation  to  the  lunar  attraction. 
This  is  not  without  interest  as  a  subject  of  scientific  inquiry,  and  is 
entitled  to  the  attention  of  meteorologists ;  but  its  influence  is  so 
feeble  that  it  is  altogether  destitute  of  popular  interest  as  a  weather 
prognostic.  It  may,  therefore,  be  stated  that,  as  far  as  observation 
combined  with  theory  has  afforded  any  means  of  knowledge,  there 
are  no  grounds  for  the  prognostications  of  weather  erroneously  sap- 
posed  to  be  derived  from  the  influence  of  the  sun  and  moon. 

Those  who  are  impressed  with  the  feeling  that  an  opinion  so  oai- 
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Temllj  eDlertained  ewn  in  ooimtriea  remote  from  each  other,  as 
thfti  whioh  pieanmeB  an  inflnenoe  of  the  moon  oyer  the  ohangea  of 
the  wmtina,  will  do  well  to  remember  that  againat  that  opinion  we 
have  Dot  h^  opposed  mere  theoiy.  Nay,  we  have  abandoned  for 
U»e  oooflion  the  support  that  seienee  might  afford,  and  the  liffht  it 
might  abed  on  the  negatrre  of  this  question,  and  have  dealt  with  it 
as  a  mere  question  of  &ct  It  matters  little,  so  fiur  as  this  question 
is  ooDoerned,  in  what  manner  the  moon  and  sun  may  produce  an 
effect  on  the  weather,  nor  even  whether  they  be  actiye  oauses  in 
pndacing  sueh  effect  at  all.  The  point,  and  the  only  point  of  im- 
portaooe,  is,  whether,  regarded  as  a  mere  mctUer  of  fact^  any  cor- 
respoodenee  between  the  changes  of  the  moon  and  those  dT  the 
weather  exists?  And  a  short  examination  of  the  recorded  &cts 
pTOfes  that  IT  DOES  not. 

2494.  OQuT  tuppoted  lunar  influences. — ^But  meteorological  phe- 
nomeita  are  not  the  only  effects  imputed  to  our  satellite ;  that  body, 
like  oomets,  is  made  responmble  for  a  vast  variety  of  interferences 
with  organised  nature.  The  droulation  of  the  juices  of  vegetables, 
the  qualities  of  grain,  the  fiie  of  the  vintage,  are  all  laid  to  its  ao- 
eount;  and  timber  must  be  felled,  the  harvest  out  down  and  gathered 
in,  and  the  juioe  of  the  grape  expressed,  at  times  and  under  cir- 
coiBstanoes  regulated  by  Sie  aspects  of  the  moon,  if  excellence  be 
hoped  for  in  these  products  of  the  soil. 

Aooording  to  popular  belief,  our  satellite  also  presides  over  human 
maladies;  and  the  phenomena  of  the  sick  chamber  are  ffovemed  by 
the  lunar  phases ;  nay,  the  very  marrow  of  our  bones,  and  the  weight 
of  our  bodies,  suffer  increase  or  diminution  by  its  influence.  Nor 
is  its  imputed  power  confined  to  physical  or  organic  effects ;  it  noto- 
rioaaly  gov^ns  mental  derangement 

If  these  opinions  lespectieg  lunar  influences  were  limited  to  par- 
tKolar  countries,  they  would  l^  less  entitled  to  serious  consideration ; 
but  it  is  a  curious  fact  that  many  of  them  prevail  and  have  pre- 
vailed in  quarters  of  the  earth  so  distant  and  unconnected,  that  it  is 
difficult  to  imagine  the  same  error  to  have  proceeded  from  the  same 
source. 

Oor  limits,  and  the  objects  to  which  this  volume  is  directed, 
render  it  impossible  here  to  notice  more  than  a  few  of  the  principal 
physical  and  physiological  influences  imputed  to  the  moon ;  nor  even 
with  respect  to  these  can  we  do  more  than  indicate  the  kind  of  ex- 
amination to  which  they  have  been  submitted,  and  the  conclusions 
which  have  been  deduced  from  it 

2495.  The  red  moon.  —  Gkudeners  give  the  name  of  Eed  Moon 
to  that  moon  which  is  full  between  the  middle  of  April  and  the 
doae  of  May.  According  to  them  the  light  of  the  moon  at  that 
season  exercises  an  injurious  influence  upon  the  young  shoots  of 
plants.    They  say  that  when  the  sky  is  clear  the  leaves  and  buds 
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exposed  to  the  Imuur  li^  redden  and  are  kiUed  as  if  by  frest^^  a 
time  when  the  thermometor  exposed  to  the  atmosphere  stands  at 
many  derrees  above  the  freeiing  point.  They  say  also  that  if  a 
elooded  nsy  interoepto  the  jnooir  s  light  it  prevents  these  injtirioiia 
consequences  to  the  plants,  although  the  oiroamstances  of  tempera- 
ture are  the  same  in  both  oases.  Nothmg  is  more  easy  than  the 
explanation  of  these  effeots.  The  leaves  and  flowers  of  plants  aire 
strong  and  powerful  radiators  of  heat ;  when  the  sky  is  clear  they 
therefore  lose  tempeiature  and  may  be  frocen ;  if,  on  dbe  other  hand, 
the  sky  be  clouded,  their  temperature  is  maintained  for  the  reasoiia 
above  stated. 

The  moon,  therefore,  has  no  oomieotion  whatever  with  this  effeet^ 
and  it  is  oertain  that  plants  would  suffer  under  the  same  dream- 
stances  whether  the  moon  is  above  or  below  the  horison.  It  equally 
is  quite  true  that  if  the  moon  be  above  the  horison,  the  plants  cannot 
suffer  unless  it  be  visible ;  because  a  dear  aJof  id  indispensable  as 
much  to  the  production  of  the  injury  to  the  plants  as  to  the  Tisi- 
bility  of  the  moon;  and,  on  the  other  hand,  the  same  clouds  which 
veil  the  moon  and  intercept  her  light  give  back  to  the  plants  that 
warmth  which  prevents  the  injury  here  adverted  to.  The  popalar 
opinion  is  therefore  right  as  to  the  €ffectj  but  wrong  as  to  the  cause  ; 
and  its  error  will  be  at  once  discovered  by  showing  that  on  a  clear 
night,  when  the  moon  is  new,  and,  therefore,  not  visible,  the  plants 
may  nevertheless  snfier. 

2496.  Supposed  tnjlumce  on  timber, — An  opinion  is  generally 
entertained  that  timber  should  be  felled  only  during  the  decline  of 
the  moon ;  for  if  it  be  cut  down  during  its  increase,  it  will  not  be 
of  a  good  and  durable  quality.  This  impression  prevails  in  various 
countries.  It  is  acted  upon  in  England,  and  is  made  the  ground  of 
legblation  in  France.  The  forest  laws  of  the  latter  country  inter- 
dict the  cutting  of  timber  during  the  increase  of  the  moon.  The 
same  opinion  prevails  in  Brazil.  Signor  Frandsco  Pinto,  an  emi- 
nent agriculturist  in  the  province  of  £spirito  Santo,  afibrmed,  as  the 
result  of  his  experience,  that  the  wood  which  was  not  felled  at  the 
full  of  the  moon  was  immediately  attacked  by  worms  and  very  soon 
rotted.  In  the  extensive  forests  of  Germany,  the  same  opinion  is 
entertained  and  acted  upon.  M.  Duhamel  du  Monceau,  a  celebrated 
French  agriculturist,  has  made  direct  and  positive  experiments  for 
the  purpose  of  testing  this  question ;  and  has  clearly  and  conclu- 
sively ihown  that  the  qualities  of  timber  felled  in  different  parts  of 
the  lunar  month  are  the  same. 

2497.  Supposed  lunar  influence  on  vegetables,  —  It  is  an  aphor- 
ism received  by  all  gardeners  and  agriculturists  in  Europe,  that 
vegetables,  plants,  and  trees,  which  are  expected  to  flourish  and 

ew  with  vigour,  should  be  planted,  grafted,  and  pruned,  during 
increase  of  the  moon.     This  opinion  is  altogether  erroneous. 
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The  iiMKafle  or  decrea0e  of  ike  noon  hm  no  tppteohbk  inliie&oe 
OD  the  phenomena  of  vegetation ;  and  tke  experim^tB  and  obiei^ 
TitioBs  of  BBYeral  French  agrioaltnristo,  and  espeeially  of  M. 
Dvhamel  da  Monoeaa  (already  aUnded  to)  have  dearly  estaUished 
thk 

2498.  SHppo9ed  hmdr  infiuenee  on  wine^ncMnff.'^Ii  k  a  maxim 
ni  wiae-growers,  thai  wine  which  has  been  made  in  two  moons  is 
never  of  a  good  quality^  and  cannot  be  clear. 

To  this  we  need  only  answer,  that  the  moon's  rays  do  not  affect 
the  tempetatiure  of  the  air  to  the  extent  of  one  thoosandth  part  of  a 
degree  of  the  thermometer,  and  that  the  difference  of  temperatores 
of  any  two  neighbouring  plaoes  in  which  the  process  of  making  the 
vine  of  the  same  soil  and  vinta^  might  be  oondnoted,  may  be  a 
thousand  times  greater  at  any  giyen  moment  of  time,  and  yet  no 
one  erer  imagines  that  snch  a  drenmstance  can  affect  the  qnanty  of 
the  wine. 

2499.  8uppo9ed  lunar  influence  en  Ae  compiexian.  —  It  is  a 
prevdent  popnlar  notion  in  some  parts  of  Eorope,  that  the  moon's 
light  is  attended  with  the  effect  of  darkening  ihe  complexion. 

That  light  has  an  affect  upon  the  cdonr  of  matend  snbstanees 
u  a  &ot  well  known  in  phydcs  and  in  the  arts.  The  prooess  of 
Ueaehing  by  exposure  to  the  sun  is  an  obvious  example  of  thisdaas 
of  facts.  Vegetables  and  flowers  which  grow  in  a  dtnation  exdnded 
£n>m  the  light  of  thtf  snn  are  different  in  colour  from  those  which 
have  been  exposed  to  its  influence.  The  most  striking  instanee, 
however,  of  the  effect  of  oertdn  rays  of  solar  light  in  blackening  a 
l]ght-cok>ured  substance,  is  aflforded  by  diloride  of  silver,  which  is 
a  white  substancci  but  which  immediately  becomes  black  when  acted 
upon  by  the  rays  near  the  red  extremity  of  the  spectrum.  This 
eebetanoe,  however,  highly  susceptible  as  it  is  of  having  its  coloor 
affected  by  light,  is,  nevertheless,  found  not  to  be  changed  in  any 
Bensible  degree  when  exposed  to  the  light  of  the  moon,  even  when 
that  light  is  condensed  by  the  most  powerful  burning  lenses.  It 
would  seem,  therefore,  that  as  £ur  as  any  analogy  can  be  derived 
from  the  qualities  of  this  substance,  the  popular  impresdon  of  the 
iDfloence  of  the  moon's  rays  in  blackening  the  sJdn  recdves  no 
Bopport. 

2500.  Supposed  lunar  influence  on  putrefaction,  —  Pliny  and 
PltttaiGh  have  transmitted  it  as  a  maxim,  that  the  light  of  the  moon 
facilitates  the  putrefoction  of  animd  substances,  and  covers  them 
with  mdsture.  The  same  opinion  prevdis  in  the  West  Indies,  and 
iQ  South  America.  An  impresdon  is  prevalent,  dso,  that  certdn 
iiods  of  fruit  exposed  to  moonlight  lose  their  flavour  and  become 
Boft  and  flabby;  and  that  if  a  wounded  mule  be  exposed  to  the 
light  of  the  moon  during  the  nighty  the  wound  will  be  irritated,  and 
frequently  become  incurable. 

ni.  19 
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Bneh  efheU,  if  real,  may  be  explained  tipon  the  same  prinefples 
as  those  by  which  we  haye  already  explained  the  effects  imputed  to 
the  red  moon.  Animal  substances  exposed  to  a  clear  sky  at  night, 
are  liable  to  receive  a  deposition  of  dew,  which  humidity  has  a  ten- 
dency to  accelerate  putrefaction.  But  this  effect  will  be  produced 
if  the  sky  be  clear,  whether  the  moon  be  above  the  horison  or  not. 
The  moon,  therefore,  in  this  case,  is  a  witness  and  not  an  agent; 
and  we  must  acquit  her  of  the  misdeeds  imputed  to  her. 

Supposed  lunar  influence  an  sheUflah,  — It  is  a  very  ancient  re- 
mark, that  oysters  and  other  shell-fish  beoome  larger  during  the  in- 
crease than  during  the  decline  of  the  moon.  This  maxim  is  men- 
tioned by  the  poet  Lucilius,  by  Aulus  Gellius,  and  others ;  and  the 
members  of  the  academy  del  Cimento  appear  to  have  tacitly  admit- 
ted it,  since  they  endeavour  to  give  an  explanation  of  it.  The  fac^ 
however,  has  been  carefully  examined  by  Rohault,  who  has  com- 
pared shell-fish  taken  at  all  periods  of  the  lunar  month,  and  found 
thait  they  exhibit  no  difference  of  quality. 

2501.  Supposed  lunar  influence  on  the  marrow  of  animah.  — 
An  opinion  is  prevalent  among  the  butchers  that  the  marrow  found 
in  the  bones  of  animals  varies  in  quantity  according  to  the  phaae 
of  the  moon  in  which  they  are  slaughtered.  This  question  has 
also  been  examined  by  Rohault,  who  made  a  series  of  observations 
which  were  continued  for  twenty  years  with  a  view  to  test  it;  and 
the  result  was,  that  it  was  proved  completely  destitute  of  founda- 
tion. 

2602.  Supposed  lunar  influence  on  the  weight  of  the  human 
body,  —  Sanctorius,  whose  name  is  celebrated  in  physics  for  the 
invention  of  the  thermometer,  held  it  as  a  principle  that  a  healthy 
man  gained  two  pounds  weight  at  the  beginning  of  every  lunar 
month,  which  he  lost  toward  its  completion.  This  opinion  appears 
to  be  founded  on  experiments  made  upon  himself;  and  affords 
another  instance  of  a  fortuitous  coincidence  hastily  generalised. 
The  error  would  have  been  corrected  if  he  had  continued  his  obser- 
vations a  sufficient  length  of  time. 

2503.  Supposed  lunar  influence  on  births,  —  It  is  a  prevalent 
opinion  that  births  occur  more  frequently  in  the  decline  of  the  moon 
than  in  her  increase.  This  opinion  has  not  been  tested  by  comparing 
the  number  of  births  with  the  periods  of  the  lunar  phases ;  but  the 
attention  directed  to  statistics,  as  well  in  this  country  as  abroad, 
will  soon  lead  to  the  decision  of  this  question.* 

2504.  Supposed  lunar  influence  on  incubation,  — It  is  a  maxim 
handed  down  by  Pliny,  that  eggs  should  be  put  to  cover  when  the 

*  Other  sexual  phenomena,  eneh  as  the  period  of  gestation,  vulgarly 
■upposed  to  have  some  relation  to  the  lunar  month,  have  no  relation  what- 
ever to  that  period. 
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moon  b  new.  In  Fnince  it  is  a  maxim  generally  adopted,  that  the 
fowls  are  better  and  more  soocessfolly  reared  when  they  break  the 
shell  at  the  full  of  the  moon.  The  experiments  and  observations 
of  M.  Giron  de  Bnzareingues  have  given  coantenanoe  to  this  opin- 
ion. But  sach  observations  require  to  be  multiplied  before  the 
maxim  can  be  considered  as  established.  M.  Giron  inclines  to  the 
opinion  that  during  the  dark  nights  about  new  moon  the  hens  sit  so 
undisturbed  that  they  either  kill  their  young  or  check  their  devel- 
opment by  too  much  heat ;  while  in  moonlight  nights^  being  more 
xestlesBy  this  eSdct  is  not  produced. 

2505.  Svpposed  lunar  infiuence  on  mental  derangement  ayid 
other  human  maladiet,  — •  The  influence  on  the  phenomena  of  human 
maladies  imputed  to  the  moon  is  very  ancient.  Hippocrates  had  so 
strong  a  fiaith  in  the  influence  of  celestial  objects  upon  animated 
beings,  that  he  expressly  recommends  no  physician  to  be  trusted 
who  is  ignorant  of  astronomy.  Galen,  following  Hippocrates,  main- 
tained the  same  opinion,  especially  of  the  influence  of  the  moon 
Henoe  in  diseases  the  lunar  periods  were  said  to  correspond  with  the 
soceeaaion  of  the  sufferings  of  the  patients.  The  critical  days  or 
cruet  (as  they  were  afterward  called),  were  the  seventh,  fourteenth, 
and  twenty-mrst  of  the  disease,  corresponding  to  the  intervals  be- 
tween the  moon's  principsl  phases.  While  the  doctrine  of  alchym- 
iste  prevailed,  the  human  body  was  considered  as  a  microcosm ;  the 
heart  representing  the  sun,  the  brain  the  moon.  The  planets  had 
each  its  proper  influence :  Jupiter  presided  over  the  lungs,  Mars 
over  the  Hver,  Saturn  over  the  spleen,  Venus  over  the  kidneys,  and 
Mercury  over  the  organs  of  generation.  Of  these  grotesque  no- 
tioDs  there  is  now  no  relic,  except  the  term  lunacy,  which  still 
designates  unsoundness  of  mind.  But  even  this  term  may  in  some 
degree  be  said  to  be  banished  from  the  terminology  of  medicine, 
and  it  has  taken  refuge  in  that  receptacle  of  all  antiquated  absurdi- 
ties of  phraseology — the  law.  Lunatic,  we  believe,  is  still  the 
term  for  the  subject  who  is  incapable  of  managing  his  own  affairs. 

Although  the  ancient  fisdth  in  the  connection  between  the  phases 
of  the  moon  and  the  phenomena  of  insanity  appears  in  a  great 
degree  to  be  abandoned,  yet  it  is  not  altogether  without  its  votaries ; 
nor  have  we  been  able  to  ascertain  that  any  series  of  observations 
conducted  on  scientific  principles  has  ever  been  made  on  the  pheno- 
mena of  iDsanity,  with  a  view  to  disprove  this  connection.  We 
have  even  met  with  intelligent  and  well-educated  physicians  who 
still  maintain  that  the  paroxysms  of  insane  patients  are  more  violent 
when  the  moon  is  full  than  at  other  times. 

2506.  UxampleM  produced  by  Faher  and  Ramazzini,  —  Ma- 
thiolus  Faber  gives  an  instance  of  a  maniac  who,  at  the  very  mo- 
ment of  an  eclipse  of  the  moon,  became  furious,  seized  upon  a 
svord,  and  fell  upon  every  one  around  him.     Bamaszini  relates 
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tbttyin  the  epidemio  fever  wUoh  spread  over  Italy  in  the  year  1098, 
patients  died  in  an  unosoal  number  on  the  2l8t  of  Jannaiy^  at  the 
moment  of  a  lunar  eclipse. 

Without  disputing  this  fact  (to  ascertain  which,  howeyer,  it  would 
be  necessary  to  have  statistical  returns  of  the  daily  deaths),  it  may 
be  objected  that  the  patients  who  thus  died  in  sndi  numbers  at  the 
moment  of  the  eclipse,  might  have  had  their  imaginations  highly 
excited,  and  their  fears  wrought  upon  by  the  approach  of  thaA 
event,  if  popular  opinion  inveSied  it  with  danger.  That  such  an 
opinion  was  not  unlikely  to  previiil,  is  evident  from  the  &cte  whioh 
have  been  recorded. 

At  no  very  distant  period  from  that  time,  in  Ausust,  1654,  it  is 
related  that  patients  in  considerable  numbers  were,  by  order  of  tlie 
physicians,  shut  up  in  chambers  well  dosed,  wanned,  and  perfumed, 
wiui  a  view  to  escape  the  injurious  influenoe  of  the  solar  eclipse, 
which  happened  at  that  time ;  and  such  was  the  constomation  of 
persons  of  all  classes,  that  the  numbers  who  flocked  to  oonfessioii 
were  so  great  that  the  ecclesiastics  found  it  impossible  to  administer 
limt  rite.  An  amusing  anecdote  is  related  of  a  village  curate  near 
Paris,  who,  with  a  view  to  ease  the  minds  of  his  flock,  and  to  gain 
the  necessary  time  to  get  through  his  business,  seriously  aasmred 
them  that  the  eclipse  was  postpo^  for  a  fortnight. 

2507.  Examples  of  YaUitnieri  and  ^ocon. — Two  of  the  most 
remarkable  examples  recorded,  of  the  supposed  influraoe  of  the 
moon  on  the  human  body,  are  those  of  Vallunieri  and  Baooo.  Val- 
lisnieri  declares  that,  being  at  Padua,  reoovennff  from  a  tedioiu 
illnesfli,  he  suffered,  on  the  12th  of  May,  1706,  during  the  eolipse 
of  the  sun,  unusual  weakness  and  shivering.  Lunar  eclipses  never 
happened  without  making  Bacon  faint;  and  he  did  not  reoover  his 
senses  till  the  moon  recovered  her  light. 

That  these  two  striking  examples  should  be  admitted  in  proof  of 
the  existence  of  lunar  influenoe,  it  would  be  neoessary,  says  M. 
Arago,  to  establish  the  fact,  that  feebleness  and  pusillanimity  of 
character  are  never  connected  with  high  qualities  of  mind. 

2508.  Supposed  influence  on  cutaneous  affections.  —  Mennret 
considered  that  cutaneous  maladies  had  a  manifest  oonnection  with 
the  lunar  phases.  He  says  that  he  himself  observed,  in  the  year 
1760,  a  patient  afflicted  with  a  scald-head  (teigne),  who,  during  the 
decline  of  the  moon,  suffered  from  a  gradual  increase  of  the  malady, 
whioh  continued  until  the  epoch  of  the  new  moon,  when  it  had 
covered  the  &oe  and  breast,  and  produced  insufferable  itching.  As 
the  moon  increased,  these  symptoms  disappeared  by  degrees ;  the 
face  became  free  from  the  eruption ;  but  the  same  effects  were  re- 
produced after  the  full  of  the  moon.  These  periods  of  the  disease 
continued  for  three  months. 

Menuret  also  stated  that  he  witnessed  a  similar  correspondence 
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between  the  lunar  phaaes  and  the  distemper  of  the  itoh ;  but  the 
eircamatanoee  were  the  reverse  of  those  in  the  former  case ;  the 
malady  attaining  its  maximum  at  the  full  of  the  moon,  and  its 
mxiiimum  at  the  new  moon. 

Without  disputing  the  aoeuraej  <^  these  statements,  or  throwing 
any  sospidon  on  the  good  faith  of  the  phjnoian  who  has  made 
them,  we  may  observe  that  suoh  fiftots  prove  nothing  ezoept  the 
fortuitous  coincidence.  If  the  relation  of  cause  and  effisot  had 
ezisled  between  the  lunar  phases  and  ike  phenomena  of  these  dis- 
iempersy  the  same  cause  would  have  continued  to  produce  the  same 
effect  in  like  droumstances ;  and  we  should  not  he  lefb  to  depend 
fiir  the  proof  of  lunar  influence  on  the  statements  of  isolated  oases, 
oeeurring  under  the  observation  of  a  physician  who  was  himself  a 
believer. 

2509.  Eemarkahle  case  adduced  hy  Hoffman.  —  Maurice  Hoff- 
maa  relates  a  case  which  came  under  his  own  practice,  of  a  young 
woman,  the  daughter  of  an  epileptic  patient  The  abdomen  of  this 
toA  braame  inflated  every  mondi  as  the  moon  increased,  and  regu- 
bily  lesomed  its  natural  form  with  the  decline  of  the  moon. 

Now,  if  this  statement  of  Hoffman  were  accompanied  by  all  the 
necessary  details,  and  if,  also,  we  were  assured  that  this  strange 
effect  oootinued  to  be  produced  for  any  considerable  length  of  time, 
the  relation  of  cause  and  efifect  between  tiie  phases  of  the  moon 
and  the  malady  of  the  girl  could  not  legitimately  be  denied ;  but 
receiving  the  statement  in  so  vague  a  form,  and  not  being  assured 
that  the  effect  continued  to  be  produced  beyond  a  few  months,  ihe 
legitimate  conclusion  at  which  we  must  arrive  is,  that  this  is  another 
example  of  fortnitons  ccunoidence,  and  may  be  classed  with  the  ful- 
filment of  dreams,  prodigies,  &o.,  &e. 

2510.  Cbses  of  nervous  diseases,  —  As  may  naturally  be  ex- 
pected, nervous  diseases  are  those  which  have  presented  the  most 
frequent  indioations  of  a  relation  with  the  lunar  phases.  The  cele- 
brated Mead  was  a  strong  believer,  not  only  in  the  lunar  influence, 
but  in  the  influence  of  ^1  the  heavenly  bodies  on  all  the  human. 
He  oites  the  case  of  a  child  who  always  went  into  convulsions  at  the 
moment  of  full  moon.  Pyson,  another  believer,  oites  another  case 
of  a  paralytic  patient  whose  disease  was  brought  on  by  the  new 
moon.  Menuret  records  the  case  of  an  epileptio  patient  whose  fits 
returned  with  the  full  moon.  The  transactions  of  learned  societies 
abound  with  examples  of  giddiness,  malignant  fever,  somnambu- 
lism, &e.,  having  in  their  paroxysms  more  or  less  corresponded  with 
the  lunar  phases.  Qall  states,  as  a  matter  having  fallen  under  his 
own  observation,  that  patients  suffering  under  weakness  of  intellect 
had  two  periods  in  the  month  of  peculiar  excitement;  and,  in  a 
work  published  in  London  so  recently  as  1829,  we  are  assured  that 
these  epochs  are  between  the  new  and  full  moon. 

19* 
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2511.  OhiervatiaM  of  Dr.  Gibers  on  tfuatie  paUents,  —  Agaiost 
all  these  instances  of  the  sapposed  eflfect  of  lunar  inilaence,  we 
have  little  direot  proof  to  ofier.  To  estahlish  a  negatiTe  is  not  easy. 
Yet  it  were  to  he  wished  that  in  some  of  our  great  asylums  for  in- 
sane patients,  a  register  should  he  preserved  of  the  exaot  times  oi 
the  aeeess  of  all  the  remarkahle  paroxysms;  a  subsequent  oom- 
parisoD  of  this  with  the  i|ge  of  the  moon  at  the  time  ci  their  occur- 
renoe,  would  furnish  the  geonnd  for  legitimate  and  safe  conohuions. 
We  are  not  aware  of  any  seienlifio  physioiaQ  who  has  expressly 
directed  his  attention  to  tlus  question,  except  Dr.  Olbereof  Bremen, 
oelebrated  for  his  discovery  of  the  planets  Pallas  and  Yesta.  He 
states  that,  in  the  course  of  a  long  medical  praotioe,  he  was  never 
ahle  to  discover  the  slightest  trace  of  any  connection  between  the 
phenomena  of  disease  and  the  phases  of  Uie  moon. 

2512.  Influence  not  to  be  hastily  reeded,  •<—  In  tiie  spirit  of  true 
philosophy,  M.  Arago,  nevertheless,  recommends  caution  in  deoidiBg 
against  this  influence.  The  nervous  system,  says  he,  is  in  many  in- 
stances an  instrument  infinitely  more  delicate  Uiaa  the  most  sohtle 
apparatus  of  modem  physios.  Who  does  not  know  that  the  olfac- 
tory nerves  inform  us  oif  the  presence  of  odoriferous  matter  in  air, 
the  traces  of  which  the  most  refined  physical  analysis  would  feil  to 
detect?  The  mechanism  of  the  eye  is  highly  afiected  by  that 
lunar  light  which,  even  condensed  with  all  the  power  of  the  hirgest 
burning  lenses,  feils  to  affect  by  its  heat  the  most  susceptible  ther- 
mometm,  or  by  its  chemical  influence,  the  chloride  of  silver ;  yet 
a  small  portion  of  this  light  introduced  through  a  pin-hole  will  be 
sufficient  to  produce  an  instantaneous  contraction  of  the  pupil; 
nevertheless,  the  integuments  of  this  membrane,  so  sensible  to 
light,  appear  to  be  completely  inert  when  otherwise  affected.  The 
pupil  remains  unmoved,  whether  we  scnpe  it  with  the  point  of  a 
needle,  moisten  it  with  liquid  acids,  or  impart  to  its  surfiioe  electric 
sparks.  The  retina  itself,  which  sympathises  with  the  pupil,  is 
insensible  to  the  influence  of  the  most  active  mechanical  agents. 
Phenomena  so  mysterioua  should  teach  us  with  what  reserve  we 
should  reason  on  analo^es  drawn  fix>m  experiments  made  upon  in- 
animate substances,  to  the  fer  different  sod  more  difficult  case  of 
organised  matter  endowed  with  life. 
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THB  TIDES  AND  TRADE  WINDS. 

2518.  Corre$p(mdence  behoeen  ih4  recurrence  of  the  Hdes,  and 
ike  divmal  appearance  of  the  moan,  — The  phenomena  of  the  tides 
of  the  ocean  are  too  remarkable  not  to  have  attnoted  notioe  at  an 
earlj  period  in  the  progreea  of  knowledge.  The  interrals  between 
tlie  epodia  ci  high  and  low  water  everywhere  oorreeponding  with 
the  intervals  between  the  passage  of  ^e  moon  over  the  meridian 
above  and  below  the  horiaon,  suggested  natarally  the  physical  eon- 
neetaoD  betweeb  these  two  effects,  and  indicated  the  probability  of 
the  cause  of  the  tides  being  foand  in  the  motion  of  the  moon. 

2514.  Erroneous  notione  of  ike  lunar  influence.  — There  are  few 
sabjcets  in  physical  science  about  which  more  erroneous  notions 
provail  among  those  who  are  but  a  little  informed.  A  common 
idea  is,  that  the  attraction  of  the  moon  draws  the  waters  of  the 
earth  toward  that  side  of  the  globe  on  which  it  happens  to  be  placed, 
and  that  consequently  they  are  heaped  up  on  that  side,  so  that  the 
oceans  and  seas  acquire  there  a  greater  depth  than  elsewhere ;  and 
that  high  water  will  thus  take  place  under,  or  nearly  under,  the  moon. 
But  this  does  not  ccMrespond  with  the  fact  High  water  is  not  pro- 
duced merely  under  the  moon,  but  is  equally  produced  upon  those 
parts  most  removed  from  the  moon.  Suppose  a  meridian  of  the 
earth  so  selected,  that  if  it  were  continued  beyond  the  earth,  its 
plane  would  pass  through  the  moon ;  we  find  that,  subject  to  certain 
modifications,  a  great  tidal  wave,  or  what  is  called  hiyh  water,  will 
be  formed  on  both  sides  of  this  meridian ;  that  is  to  say,  on  the 
side  next  the  moon,  and  on  the  side  remote  from  the  moon.  As  the 
moon  moves,  these  two  great  tidal  waves  follow  her.  They  are  of 
course  separated  from  each  other  by  half  the  circumference  of  the 
globe.  As  the  globe  revolves  with  its  dixumal  motion  upon  its  axis, 
every  part  of  its  surface  passes  successively  under  these  tidal  waves ; 
and  at  all  such  parts,  as  they  pass  under  them,  there  is  the  pheno- 
menon of  high  water.  Hence  it  is  that  in  all  places  there  are  two 
tides  daily,  having  an  interval  of  about  twelve  hours  between  them. 
Now,  if  the  common  notion  of  the  cause  of  the  tides  were  well 
Ibimded,  there  would  be  only  one  tide  daily — ^viz.,  that  which  would 
take  place  when  the  moon  is  at  or  near  the  meridian. 

2515,  The  moon's  attractioti  alone  will  not  explain  the  tides,  — 
That  the  moon's  attraction  upon  the  earth  simply  considered  would 
not  explain  the  tides  is  easily  shown.    Let  us  suppose  that  the 
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whole  mass  of  matter  on  the  earth,  incladiog  the  waters  which  par- 
tially cover  ity  were  attracted  equally  by  the  moon;  they  would 
then  he  equally  drawn  toward  that  body,  and  no  reason  would  exist 
why  they  should  be  heaped  under  the  moon ;  for  if  they  were  drawn 
with  the  same  foroe  as  that  with  which  the  solid  globe  of  the  earth 
under  them  is  drawn,  there  would  be  no  reason  for  supposing  that 
the  waters  would  have  a  mater  tendency  to  collect  towani  the  moon 
than  the  solid  bottom  of  Uie  ocean  on  which  they  rest  In  short,  the 
whole  mass  of  the  earth,  solid  and  fluid,  being  drawn  with  the  same 
force,  would  equally  tend  toward  the  moon ;  and  its  parts,  whether 
solid  or  fluid,  would  preserve  among  themselves  the  same  relative 
position  as  if  they  were  not  attracted  at  all. 

2516.  Tides  catued  hy  the  difference  of  the  aUracttoru  on  dif- 
ferent part$  of  the  earth.  —  When  we  observe,  however,  in  a  mass 
composed  of  various  particles  of  matter,  that  the  relative  arrange- 
ment of  these  particles  is  disturbed,  some  being  driven  in  certain 
directions  more  than  others,  the  inference  is,  that  the  component 
parts  of  such  a  mass  must  be  placed  under  the  operation  of  different 
forces;  those  which  tend  more  than  others  in  a  certain  direction 
being  driven  with  a  proportionally  greater  force.  Such  is  the  case 
with  the  earth,  placed  under  the  attraction  of  the  moon.  And  this 
is,  in  fact,  what  must  happen  under  the  operation  of  an  attractive 
force  like  that  of  gravitation,  which  diminishes  in  its  intensity  as 
the  square  of  the  distance  increases. 

Let  A,  B,  0,  Dy  B,  F,  o,  H,  fig.  731,  represent  the  globe  of  the 
earthy  and,  to  simplify  the  explanation^  let  us  flint  suppose  the  entire 
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surfiice  of  the  globe  to  be  covered  with  water.  Let  M,  the  moon, 
be  placed  at  the  distance  M  H  from  the  nearest  point  of  the  surface 
cf  the  earth.  Now  it  will  be  apparent  that  the  various  points  of 
the  earth's  surface  are  at  different  distances  from  the  moon  M. 
A  and  a  are  more  remote  than  h  ;  b  and  f  still  more  remote ;  c 
and  E  more  distant  again,  and  D  more  remote  than  all.  The  attrac- 
lion  which  the  moon  exercises  at  H  is,  therefore,  greater  than  that 
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wUdi  U  ezeiebes  at  ▲  and  a,  and  atill  greater  than  that  whioh  H 
pvodvoes  at  b  and  r;  and  the  aUzaction  which  it  exercises  at  d  la 
least  of  alL  Now  this  attraction  equally  affects  matter  in  every 
state  and  condition.  It  affects  the  particles  of  flaid  as  well  as  solid 
matter;  but  there  is  this  difference,  that  where  it  acts  upon  solid 
matter,  the  oomponent  parts  of  which  are  at  different  distances  from 
it^  and  therefore  subject  to  different  attractions^  it  will  not  disturb 
the  relatiYe  arrangement,  since  such  disturbances  or  disarrangements 
are  preTented  bj  the  cohesion  which  characterises  a  solid  body;  bat 
tUb  is  DOl  the  ease  with  fluida,  the  particles  of  which  are  mobUe. 

The  attraction  which  the  moon  exercises  upon  the  shell  of  water^ 
vkidi  18  oellected  immediately  under  it  near  the  point  z,  is  greater 
than  that  which  it  exercises  upon  the  solid  mass  of  the  globe ;  con* 
seipieatly  there  will  be  a  greater  tendency  of  this  attraction  to  draw 
the  fluid  which  rests  upon  the  surface  at  h  toward  the  moon,  than 
to  draw  the  solid  mass  of  the  earth  which  is  more  distant. 

Aa  the  floidi  by  its  nature,  is  free  to  obey  this  excess  of  attrao* 
tioii,  it  will  neeeasarily  heap  itself  up  in  a  pile  or  frave,  over  h, 
fonning  a  oonyex  protuberance,  as  represented  between  r  and  f. 
Thus  high  water  will  take  plaee  at  h,  immediately  under  the  moon. 
The  water  which  thus  collects  at  h  will  necessarily  flow  from  the 
i^iona  B  and  y,  where  therefore  there  will  be  a  dimuushed  quantity 
IB  the  same  proportioo. 

But  let  na  now  consider  what  happens  to  that  part  of  the  earth 
n.  Here  the  waters,  beinff  more  remote  from  the  moon  than  the 
solid  maaa  of  the  earth  under  them,  will  be  less  attracted,  and  eon- 
•equently  will  have  a  less  tendency  to  gravitate  toward  the  moon. 
The  solid  mass  of  the  earth,  d  h,  will,  as  it  were,  recede  from  the 
viters  at  n,  in  virtue  of  the  excess  of  attraction,  leaving  these 
waters  behind  it,  which  will  thus  be  heaped  up  at  »,  so  as  to  form 
a  eonvex  protuberance  between  I  and  k,  similar  exactly  to  that 
which  we  have  already  described  between  r  and  %.  As  the  differ- 
enoe  between  the  attraction  of  the  moon  on  the  waters  at  z  and  the 
adid  earth  under  the  waters  is  nearly  the  same  as  the  difference 
between  its  attraction  on  the  latter  and  upon  the  waters  at »,  it  fol<* 
Iowa  that  the  height  of  the  fluid  protuberances  at  x  and  n  are  equal. 
In  other  woids,  the  heights  of  the  tides  on  opposite  sides  of  the  earth, 
the  one  being  under  the  moon  and  the  other  most  remote  frtm  it, 
are  equal. 

It  appears,  therefore,  that  the  cause  of  the  tides,  so  far  as  the 
action  of  the  moon  is  concerned,  is  not,  as  is  vulgarly  supposed,  the 
laere  attraction  of  the  moon ;  since,  if  that  attraction  were  equal 
on  all  the  oomponent  parts  of  the  earth,  there  would  assuredly  be 
no  tides.  We  are  to  look  for  the  cause,  not  in  the  attraction  of  the 
BkooD,  but  in  the  inequalitjf  of  its  attraction  on  different  parts  of 
the  earth.    The  greater  tUa  inequality  is,  the  greater  will  be  the 
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tides.  Hence,  as  the  moon  is  sabjeet  to  a  slight  variation  of  dis* 
tance  from  the  earth,  it  will  follow,  that  when  it  is  at  its  least 
distance,  or  at  the  point  called  perigee^  the  tides  will  be  the  greatest; 
and  when  it  is  at  the  greatest  distance,  or  at  the  point  called  apogee^ 
the  tides  will  be  least;  not  because  the  entire  attraction  of  the 
moon  in  the  former  case  is  greater  than  in  the  latter,  bat  because 
the  diameter  of  the  globe  bearing  a  greater  proportion  to  the  lesser 
distance  than  the  greater,  there  will  be  a  greater  inequality  of  at- 
traction. 

2517.  JEffects  of  9un*i  attraction, — It  will  ooenr  to  those  who 
bestow  on  these  observations  a  little  reflection,  that  all  which  we 
have  stated  in  reference  to  the  effects  prodaced  by  the  attraction  of 
the  moon  upon  the  earth,  will  also  be  applicable  to  the  attraction  of 
the  sun.  This  is  nndoubtedlj  true ;  but  in  the  case  of  the  sun  the 
effecto  are  modified  in  some  very  important  respects.  The  sun  is  mt 
400  times  a  greater  distance  than  the  moon,  and  the  actual  amount 
of  ito  attraction  on  the  earth  would,  on  that  account,  be  160,000 
times  less  than  that  of  the  moon )  but  the  mass  of  the  sun  ezoeeds 
that  of  the  moon  in  a  much  greater  ratio  than  that  of  160,000  to  1. 
It  therefore  possesses  a  much  greater  attracting  power  in  virtue  of 
its  mass  compared  with  the  moon,  than  it  loses  by  its  greater  dis- 
tance. It  exercises,  therefore,  upon  the  earth  an  attraction  enor- 
mously greater  than  the  moon  exercises.  Now,  if  the  simple  amount 
of  ite  attraction  were,  as  is  commonly  supposed,  the  cause  of  the 
tides,  the  sun  ought  to  produce  a  vastily  greater  tide  than  the  moon. 
The  reverse  is,  however,  the  case,  and  the  cause  is  easily  explained. 
Let  it  be  remembered  that  the  tides  are  due  solely  to  the  inequality 
of  the  attraction  on  different  sides  of  the  earth,  and  the  greater  that 
inequality  is,  the  greater  will  be  the  tides,  and  the  1^  that  in- 
equality is,  the  less  will  be  the  tides. 

In  tiie  case  of  the  sun,  the  total  distance  is  12,000  diameters  of 
the  earth,  and  consequently  the  difference  between  ite  distances  from 
the  one  side  and  the  other  of  the  earth  will  be  only  the  12,000th 
part  of  the  whole  distence,  while  in  the  case  of  the  moon,  the  total 
distance  being  only  30  diameters  of  the  earth,  the  difference  of  dis- 
tances from  one  side  and  the  other  is  the  80th  part  of  the  whole 
distance.  The  inequality  of  the  attraction,  upon  which  alone,  and 
not  on  ito  whole  amount,  the  production  of  the  tidal  wave  depends, 
is  therefore  much  greater  in  the  case  of  the  moon.  According  to 
Newton's  calculation,  the  tidal  wave  due  to  the  moon  is  greater  in 
height  than  that  due  to  the  sun  in  the  ratio  of  58  to  23,  or  2|  to  1 
very  nearly. 

2518.  Cause  of  spring  and  neap  tides.  —  There  is,  therefore,  a 
solar  as  well  as  a  lunar  tide  wave,  the  former  being  much  less  ele- 
vated than  the  latter,  and  each  following  the  luminary  from  which 
H  takes  ite  name.     When  the  sun  and  moon,  therefore^  are  either 
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<m  ike  sune  side  of  the  earth,  or  on  the  opposite  sides  of  the  earth- 
in  other  words,  when  it  is  new  or  full  moon  —  their  effects  in  pro- 
dociBg  tides  are  combined,  and  the  spring  tide  is  produced,  the 
h^ht  of  which  is  equal  to  the  solar  and  lunar  tides  taken  tosether. 

On  the  other  hand,  when  the  sun  and  moon  are  separated  from 
each  other  by  a  distance  of  one  fourth  of  the  heavens,  that  is,  when 
the  moon  is  in  the  quarters,  the  effect  of  the  solar  tide  has  a  ten- 
de&cy  to  diminish  that  of  the  lunar  tide. 

The  tides  produced  by  the  combination  of  the  lunar  and  solar  tide 
irarefl  at  the  time  of  new  and  full  moon  are  called  bprinq  tides; 
and  those  produced  by  the  lunar  wave  diminished  by  the  effect  of 
the  solar  wave  at  the  quarters  are  called  neap  tides. 

2519.  Why  the  tides  are  not  produced  directly  under  the  moon. 
—  If  physicd  effects  followed  immediately,  without  any  appreciable 
interval  of  time,  the  operation  of  their  causes,  then  the  tidal  wave 
produced  by  the  moon  would  be  on  the  meridian  of  the  earth  directly 
under  and  opposite  to  that  luminary ;  and  the  same  would  be  true  of 
the  solar  tides.  But  the  waters  of  the  globe  have,  in  common  with 
all  other  matter,  the  property  of  inertia,  and  it  takes  a  certain  in« 
terval  of  time  to  impress  upon  them  a  certain  change  of  position. 
Hence  it  follows  that  the  tidal  wave  produced  by  the  moon  is  not 
formed  immediately  under  that  body,  but  follows  it  at  a  certain  dis- 
tance. In  consequence  of  this,  the  tide  raised  by  the  moon  does  not 
take  place  for  two  or  three  hours  after  the  moon  passes  the  meridian ) 
and  as  the  action  of  the  sun  is  still  more  feeble,  there  is  a  still 
greater  interval  between  the  transit  of  the  sun  and  occurrence  of  the 
solar  tide. 

2520.  Friming  cmd  Jagging  of  the  tides,  —  But  besides  these 
drcamstances,  the  tide  is  affected  by  other  causes.  It  is  not  to  the 
separate  effect  of  either  of  these  bodies,  but  to  the  combined  effect 
of  bothy  that  the  efiects  are  due ;  and  at  every  period  of  the  month, 
the  time  of  actual  high  water  is  either  accelerated  or  retarded  by  the 
sun.  In  the  first  and  third  quarters  of  the  moon,  the  solar  tide  is 
westward  of  the  lunar  one;  and,  consequently,  the  actual  high  water, 
which  is  the  result  of  the  combiuation  of  the  two  waves,  will  be  to 
the  westward  of  the  place  it  would  have  if  the  moon  acted  alone, 
and  the  time  of  high  water  will  therefore  be  accelerated.  In  the 
secoud  and  fourth  quarters  the  general  effect  of  the  sun  is^  for  a 
similar  reason,  to  produce  a  retaraation  in  the  time  of  high  water. 
This  effect,  produced  by  the  sun  and  moon  combined,  is  what  is 
commonly  oiled  the  priming  and  lagging  of  the  tides.  The  highest 
spring  tides  occur  when  the  moon  passes  the  meridian  about  an  hour 
aher  the  sun;  for  then  the  maximum  effect  of  the  two  bodies 
coinoides. 

2521.  Researches  of  Whewdl  and  Lubbock.— Th^  subject  of 
the  tides  has  of  late  years  received  much  attention  from  several  ici« 
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entifio  iDveBtlgators  in  Europe.  The  discussions  beld  at  the  annnal 
meetings  of  the  British  Association  for  the  Advancement  of  Science, 
on  this  subject,  have  led  to  the  development  of  much  usefdl  infor- 
mation. The  labours  of  Professor  Wnewell  have  been  especially 
valuable  on  these  questions.  Sir  John  Lubbock  has  also  published 
a  valuable  treatise  upon  it.  To  trace  the  results  of  these  investi- 
gations in  all  the  details  which  would  render  them  clear  and  intel- 
ligible, would  greatly  transcend  the  necessary  limits  of  this  volame. 
We  shall,  however,  briefly  advert  to  a  few  of  the  most  remarkable 
points  connected  with  these  questions. 

2522.  Vulgar  and  corrected  estahluhment.  —  The  apparent  time 
of  high  water  at  any  port  in  the  afternoon  of  the  day  of  new  or  full 
moon,  is  what  is  usually  called  the  establtshment  of  the  port.  Pro- 
fessor Whewell  calb  this  the  vulgar  establishment,  and  he  calls  the 
corrected  establishment  the  mean  of  all  the  intervals  of  the  tides  and 
transit  of  half  a  month.  This  corrected  establishment  is  conse- 
auently  the  luni-tidal  interval  corresponding  to  the  day  on  which 
Uie  moon  passes  the  meridian  at  noon  or  midnight 

2523.  Diumai  inequality.  — The  two  tides  immediately  following 
one  another,  or  the  tides  of  the  day  and  night,  vaty,  both  in  height 
and  time  of  high  water  at  any  particular  place,  with  the  distance  of 
the  sun  and  moon  from  the  equator.  As  the  vertex  of  the  tide  wave 
always  tends  to  place  itself  vertically  under  the  luminaiy  which  pro- 
duces it,  it  is  evident  that  of  two  consecutive  tides,  that  which  happens 
when  the  moon  is  nearest  the  zenith  or  nadir  will  be  ^ater  than 
the  other ;  and,  consequently,  when  the  moon's  declination  is  of  the 
same  denomination  as  the  latitude  of  the  place,  the  tide  which  cor- 
responds to  the  upper  transit  will  be  greater  than  the  opposite  one, 
and  vice  versd,  the  difference  being  greatest  when  the  sun  and  moon 
are  in  opposition,  and  in  opposite  tropics.  This  is  called  the  Ditm- 
NAL  INEQUALITY,  because  its  cycle  is  one  day;  but  it  varies  greatly 
at  different  places,  and  its  laws,  which  appear  to  be  governed  by 
local  circumstances,  are  very  imperfectly  known. 

2524.  Local  effects  of  the  land  upon  the  tides.  — We  have  now 
described  the  principal  phenomena  that  would  take  place  were  the 
earth  a  sphere,  and  covered  entirely  with  a  fluid  of  uniform  depth. 
But  the  actual  phenomena  of  the  tides  are  infinitely  more  compli- 
cated. From  the  interruption  of  the  land,  and  the  irregular  form 
and  depth  of  the  ocean,  combined  with  many  other  disturbing  cir- 
cumstances, among  which  are  the  inertia  of  the  waters,  the  friction 
on  the  bottom  and  sides,  the  narrowness  and  length  of  the  channels, 
the  action  of  the  wind,  currents,  difference  of  atmospheric  pressure, 
Ac.,  &c.,  great  variation  takes  place  in  the  mean  times  and  heights 
of  high  water  at  placed  differently  situated. 

^  2525.    Velocity  of  tidal  wave.  —  In  the  open  ocean  the  crest  of 
tide  travels  with  enormous  velocity.     If  the  whole  sur&ce  were 
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nnifiDimly  oorered  with  water,  the  summit  of  the  tide  wave,  being 

mainlj  goyerned  by  the  moon,  would  everywhere  follow  the  moon's 

tnnsit  at  the  same  interval  of  time,  and  consequently  travel  round 

the  earth  in  a  litUe  more  tiian  twenty-four  hours.     But  the  circnm- 

fefenoe  of  the  eardi  at  the  equator  being  about  25,000  miles,  the 

vdoeity  of  propagation  would  therefore  be  about  1,000  miles  per 

hour.    The  actual  velocity  is,  perhaps,  nowhere  equal  to  this,  and  is 

very  different  at  different  places.     In  latitude  60^  south,  where 

there  is  no  interruption  from  land  (excepting  the  narrow  promontory 

of  Patagonia),  the  tide  wave  will  complete  a  revolution  in  a  lunar 

day,  and  oonseqnently  travel  at  the  rate  of  670  miles  an  hour.     On 

examining  Mr.  Whewell's  map  of  cotidal  lines,  it  will  be  seen  that 

the  great  tide  wave  from  the  Southern  Ocean  travels  from  the  Cape 

of  Good  Hope  to  the  Azores  in  about  twelve  hours,  and  from  the 

\  AicxreB  to  the  southermost  part  of  Ireland  in  about  three  hours  more. 

"In  the  AUantic,  the  hourly  velocity  in  some  cases  appears  to  be  10^ 

littil^,  or  near  700  miles,  which  is  almost  equal  to  the  velocity  of 

sound  through  the  air.    From  the  south  point  of  Ireland  to  the 

north  point  of  Scotland,  the  time  is  eight  hours,  and  the  velocity 

aboat  160  miles  an  hour  along  the  shore.    On  the  eastern  coast  of 

Britain,  and  in  shallow  water,  the  velocity  is  less.     From  Buohan- 

neas  to  Sunderland  it  is  about  60  miles  an  hour;  from  Soarborouffh 

to  Cromer,  85  miles;  from  the  North  Foreland  to  London,  80 

miles ;  from  London  to  Richmond,  13  miles  an  hour  in  that  part  of 

the  river.    (Whewell,  Phil  Trans.  1888  and  1886.)    It  is  scarcely 

neeessary  to  remind  the  reader  that  tbe  above  velocities  refer  to  the 

transmission  of  the  undulation,  and  are  entirely  different  from  the 

velocity  ci  the  current  to  which  the  tide  gives  rise  in  shallow  water. 

2526.  Range  of  Vie  tides,  —  The  difference  of  level  between 

high  and  low  water  is  affected  by  various  causes,  but  chiefly  by  the 

configuration  of  the  land,  and  is  very  different  at  different  places. 

In  deep  inbends  of  the  shore,  open  in  the  direction  of  the  tide  wave 

and  gradually  contracting  like  a  funnel,  the  convergence  of  water 

eanaes  a  very  great  increase  of  the  range.     Hence  the  very  high 

tides  in  the  Bristol  Channel,  the  Bay  of  St.  Male,  and  the  Bay  of 

Fundy,  where  the  tide  is  said  to  rise  sometimes  to  the  height  of  one 

hundred  feet.     Promontories,  under  certain  circumstances,  exert  an 

opposite  influence,  and  diminish  the  magnitude  of  the  tide.    The 

observed  ranges  are  also  very  anomalous.     At  certain  places  on  the 

south-east  coast  of  Ireland,  the  range  is  not  more  than  three  feet, 

while  at  a  little  distance  on  each  side  it  becomes  twelve  or  thirteen 

feet ;  and  it  is  remarkable  that  these  low  tides  occur  directly  opposite 

the  Bristol  Channel,  where  (at  Chepstow)  the  difference  between 

high  and  low  water  amounts  to  sixty  feet.     In  the  middle  of  the 

Pacific  it  amounts  to  only  two  or  three  feet.     At  London  Docks, 

the  average  range  is  about  22  feet;  at  Liverpool,  155  feet;  at 

III.  20 
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PortBmoatby  12-5  feet;  at  Plymouth,  also  12-5  faet;  at  Bristol^  8ft 
feet. 

2527.  Tides  affected,  hy  the  atmo^here, — Besides  the  numerous 
causes  of  irregularity  depending  on  the  local  circumstances,  the  tides 
are  also  affected  by  the  state  of  the  atmosphere.     At  Brest,  the 
height  of  high  water  yaries  inversely  as  the  heieht  of  the  barometer^ 
and  rises  more  than  eight  inches  for  a  fall  of  about  half  an  inch  of 
the  barometer.     At  Liverpool,  a  fall  of  one-tenth  of  an  inch  in  the 
barometer  corresponds  to  a  rise  in  the  river  Mersey  of  about  an  inch  ^ 
and  at  the  London  Docks,  a  fall  of  one-tenth  of  an  inch  corresponds 
to  a  rise  in  the  Thames  of  about  seven -tenths  of  an  inch.     With  a 
low  barometer,  therefore,  the  tide  may  be  expected  to  be  high,  and 
vice  vend.     The  tide  is  also  liable  to  be  disturbed  by  winds.     Sir 
John  Lubbock  states  that,  in  the  violent  hurricane  of  January  8, 
1839,  there  was  no  tide  at  Gainsborough,  which  is  twenty-five  miles 
up  the  Trent — a  circumstance  unknown  before.   At  Saltmarsh,  only 
five  miles  up  the  Ouse  from  the  Humber,  the  tide  went  on  ebbing, 
and  never  flowed  until  the  river  was  dry  in  some  places;  while  at 
Ostend,  toward  which  the  wind  was  blowing,  contrary  effects  were 
observed.     During  strong  north-westerly  gales  the  tide  marks  high 
water  earlier  in  the  Thames  than  otherwise,  and  does  not  give  so 
much  water,  while  the  ebb  tide  runs  out  late,  and  marks  lower;  but 
upon  the  gales  abating  and  weather  moderating,  the  tides  put  in  and 
rise  much  higher,  while  they  also  run  longer  before  high  water  is 
marked,  and  with  more  velocity  of  current :  nor  do  they  run  out  so 
long  or  so  low. 

2528.  The  trade  toinds.  —  The  great  atmospheric  currents  thus 
denominated,  from  the  advantages  which  navigation  has  derived 
from  them,  as  well  as  other  currents  arising  from  the  same  causes, 
are  produced  by  the  uneaual  exposure  of  the  atmospheric  ocean, 
which  coats  the  terrestrial  globe,  to  the  action  of  solar  heat;  the 
expansion  and  contraction  that  air,  in  common  with  all  gaseous 
bodies,  suffers  from  increase  and  diminution  of  temperature;  the 
tendency  which  lighter  fluids  have  to  rise  through  heavier,  and,  in 
fine,  the  rotation  of  the  earth  upon  its  axis. 

'  The  regions  in  which  the  trades  prevail  are  two  great  tropical 
belts  extending  through  a  certain  limited  number  of  degrees  north 
and  south  of  the  line,  but  not  prevailing  on  the  line  itself,  the  at- 
mospherical character  of  which  is  an  almost  constant  calm.  The 
permanent  currents  blow  in  the  northern  tropical  belt  from  the  north- 
east, and  in  the  southern  from  the  south-east 

On  the  other  hand,  in  the  higher  latitudes  of  both  hemispheres 
the  prevalent  atmospheric  currents  are  directed  from  west  to  east, 
redressing,  as  it  were,  the  disturbance  produced  by  the  trades. 

To  understand  the  cause  of  these  phenomena,  it  is  necessary  to 
remember  that  the  sun,  never  departing  more  than  23)°  from  the 
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celeatia]  equator,  is  yertical  daily  to  different  points  around  the  tro- 
pical regions,  the  rotation  of  the  earth  bringing  these  points  succes- 
sirelj  under  his  disk.  The  sun,  at  noon,  for  places  within  the 
tropics,  is  never  so  much  as  23}^  from  the  zenith.  The  intertropical 
zone  ^m  these  causes  becomes  much  more  intensely  heated  upon 
its  sotfaoe  than  the  parts  of  either  hemisphere  at  higher  latitudes. 
This  heat^  reflected  and  radiated  upon  the  incumbent  atmosphere, 
caofles  it  to  expand  and  become  spedfically  lighter,  and  it  ascends 
■8  smoke  and  heated  air  do  in  a  chimney.  The  space  it  deserts  is 
filled  by  colder  and  therefore  heavier  air,  which  rushes  in  from  the 
higher  parts  of  either  hemisphere;  whUe  the  air  thus  displaced, 
raised  by  its  buoyancy  above  its  due  level,  and  unsustained  by  any. 
lateral  pressure,  flows  down  towards  either  pole,  and,  being  cool^ 
in  its  course  and  rendered  heavier,  it  descends  to  the  surface  of  the 
g^obe  at  those  upper  latitudes  from  which  the  air  had  been  sucked 
in  towards  the  line  by  its  previous  ascent 

A  constant  circulation  and  an  interchange  of  atmosphere  between 
the  intertropical  and  eztratropical  regions  of  the  earth  would  thus 
take  place,  the  air  ascending  from  the  intertropical  surface  and 
then  flowing  towards  the  extratropical  regions,  where  it  descends  to 
the  surface  to  be  again  sucked  towards  tl:^  line. 

Bat  in  this  view  of  the  effects,  the  rotation  of  the  earth  on  its 
axis  is  not  considered.  In  that  rotation  the  atmosphere  participates. 
The  air  which  rises  from  the  intertropical  sur&ce  carries  with  it 
the  velocity  of  that  surface,  which  is  at  the  rate  of  about  1,000  miles 
an  hour  from  west  to  east.  This  velocity  it  retains  to  a  considerable 
extent  after  it  has  passed  to  the  higher  latitudes  and  descended  to 
the  sur£M»,  which  moving  with  much  less  velocity  from  west  to 
east^  there  is  an  effective  current  produced  in  that  direction  equiva- 
lent to  the  excess  of  the  eastward  motion  of  the  air  over  the  eastward 
motion  of  the  surface  of  the  earth.  Hence  arises  the  prevalent 
westward  winds,  especially  at  sea,  where  causes  of  local  disturbance 
are  not  freauent,  which  are  so  familiar,  and  one  of  the  effects  of 
which  has  been,  that,  while  the  average  length  of  the  trip  of  good 
sailing  vessels  from  New  York  to  Liverpool  has  been  only  twenty 
days,  that  of  the  trip  from  Liverpool  to  New  York  has  been  thirty- 
five  days. 

By  Uie  friction  of  the  earth  and  other  causes,  the  air,  however, 
next  the  sur&oe,  at  length  acquires  a  common  velocity  with  it,  and 
when  it  is,  as  above  described,  sucked  towards  the  line  to  fill  the 
vacuum  produced  by  the  air  drawn  upwards  by  the  solar  heat,  it 
carries  with  it  the  motion  from  west  to  east  which  it  had,  in  common 
with  the  surface,  at  the  higher  latitudes.  But  the  surface  at  the 
line  has  a  much  greater  velocity  than  this  from  west  to  east.  The 
tarfkee,  therefore,  and  all  objects  upon  it,  are  carried  against  the 
air  with  the  relative  velocity  of  the  surface  and  the  air,  that  is  to 
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say,  irith  the  effect  of  the  difference  of  their  velocitieB.  Sinoe  the 
surface^  and  the  objects  upon  it,  are  carried  eastward  at  a  much 
greater  rate  than  the  air  which  has  just  descended  from  the  higher 
ktitudes,  they  will  strike  against  the  air  with  a  force  proportional  to 
the  difference  of  their  velocities,  and  this  force  will  have  a  direction 
contrary  to  that  of  the  motion  of  the  surface,  that  is  to  say,  from 
east  to  west 

But  it  must  be  considered  that  this  eastward  force,  doe  to  the 
motion  of  the  earth's  sarface,  is  combined  with  the  force  with  which 
the  air  moves  from  the  eztratropical  regioDs  to^murds  Uio  line. 
Thus,  in  the  northern  hemisphere,  the  force  eastward  is  combined 
with  the  motion  oif  the  air  from  north  to  south,  and  the  resultant 
of  these  forces  is  that  north-east  current  which  actually  prevails  ; 
while,  for  like  reasons,  south  of  the  line,  the  motion  of  the  air  from 
south  to  north,  being  combined  with  the  force  eastward,  produces 
the  south-eastern  current  which  prevails  south  of  the  line. 

Were  any  considerable  mass  of  air,  as  Sir  J.  Herschel  observes^ 
to  be  suddenly  transferred  from  beyond  the  tropics  to  the  equator, 
the  difference  of  the  rotary  velocities  proper  to  the  two  situations 
would  be  so  great,  as  to  produce,  not  merely  a  wind,  but  a  tempest 
of  the  most  destructive  violence ;  and  the  same  observation  would 
be  equally  applicable  to  masses  of  air  transported  in  the  contrary 
direction.  But  this  is  not  the  case;  the  advance  of  the  air  ia 
gradual,  and  all  the  while  the  earth  is  continually  acting  on  the  air, 
and  by  the  friction  of  its  surfiice  accelerating  or  retarding  its  velocity. 
Supposing  its  progress  to  cease  at  anv  point,  this  cause  would  almost 
immediately  communicate  to  it  the  deficient  or  deprive  it  of  the  ex- 
cessive motion  of  rotation,  after  which  it  would  revolve  quietly  with 
the  earth  and  be  at  relative  rest.  We  have  only  to  call  to  mind  the 
comparative  thinness  of  the  coating  of  air  with  which  the  globe  is 
invested  (2823)  and  its  immense  mass,  exceeding,  as  it  does,  the 
weight  of  the  atmosphere  at  least  100,000,000  times,  to  appreciate 
the  absolute  command  of  any  extent  of  territory  of  the  earth  over 
the  atmosphere  immediately  incumbent  upon  it. 

It  appears,  therefore,  that  these  currents,  as  they  approach  the 
equator  on  the  one  side  and  the  other,  must  gradually  lose  their 
force ;  their  exciting  cause  beine  the  difference  of  the  magnitude  of 
the  paralleb  of  latitude;  and  mis  difference  being  evanescent  near 
the  line,  and  very  inconsiderable  within  many  degrees  of  it,  the 
equalising  force  of  the  earth  above  described  is  allowed  to  take  full 
effect :  but,  besides  this,  the  currents  directed  from  the  two  poles 
encounter  each  other  at  the  line,  and  destroy  each  other's  force. 
Hence  arises  the  prevalence  of  those  calms  which  characterise 
the  line. 
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CHAP.  XI. 

THE  BUN. 

2529.  Apparent  and  real  magnitude,  —  Owing  to  the  ellipticity 
of  the  earth's  orbit,  the  distanoe  of  the  san  is  subject  to  a  periodiofd 
variatioo,  which  caoseSy  as  has  been  already  ezphuned,  a  oorre- 
iptmding  Tariation  in  its  apparent  magnitude.  Its  sreatest  apparent 
diameter,  when  in  perihelion,  is  82'  85''-6,  or  195^'-6,  and  its  least 
apparent  magnitude,  when  in  aphelion,  is  Sr  SO'',  or  ISQC/^  Its 
mean  apparent  diameter  is  therefore  1923". 

It  has  been  already  (2457)  shown  that  the  linear  value  of  V  at 
the  sun's  distance  is  Aw  miles.     It  follows,  therefore,  that  the  ac- 
tual length  of  the  diameter  of  the  globe  of  the  sun  is 
1923  X  466  =  896,118  miles. 

The  real  magnitude  of  the  sun  may  also  be  easily  inferred  in 
TOQud  numbers  from  that  of  the  moon.  The  apparent  diameter  of 
the  moon  being  equal  in  round  numbers  to  that  of  the  sun,  and  the 
distance  of  the  sun  being  400  times  greater  than  that  of  the  moon, 
it  foUows  that  the  real  diameter  of  the  sun  must  be  400  times 
greater  than  that  of  the  moon.  It  must,  therefore,  be 
2153  X  400  =  861,200  miles. 

By  methods  of  calculation  susceptible  of  closer  approximation  than 
tbese,  it  has  been  found  that  the  magnitude  is  882,000  miles,  or 
HljL  times  the  diameter  of  the  earth. 

2od0.  Magnitude  of  the  iun  illustrated.  —  Magnitudes  such  as 
that  of  the  sun  so  far  transcend  all  standards  with  which  the  mind 
id  familiar,  that  some  stretch  of  imagination,  and  some  effort  of  the 
iinderBtanding,  are  necessary  to  form  a  conception,  however  imper- 
fect, of  them.  The  expedient  which  best  serves  to  obtain  some 
adequate  idea  of  them  is,  to  compare  tbem  with  some  standard, 
stupendous  by  comparison  with  all  ordinary  magnitudes,  yet  minute 
when  compared  with  them. 

The  earth  itself  is  a  globfi  8000  miles  in  diameter.  If  the  sun 
"^  represented  by  a  globe  nine  feet  four  inches  in  diameter,  the 
^rth  would  be  represented  by  a  globe  an  inch  in  diameter.  If  the 
orbit  of  the  moon,  which  measures  474,000  miles  in  diameter,  were 
filled  by  a  sun,  such  a  sun  might  be  placed  within  the  actual  sun, 
WTiDg  between  their  surfaces  a  distance  of  200,000  miles.  Such 
*  mn,  seen  from  the  earth,  would  have  an  apparent  diameter  little 
B^ors  than  half  the  diameter  of  the  actual  sun. 

20* 
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2531.  Surface  and  volume.  —  Since  the  surfaces  of  globes  are 
as  the  squares,  and  their  Yolumes  as  the  cubes,  of  their  diameters, 
it  follows  that  the  surface  of  the  sun,  must  be  12,500  times,  and  its 
volume,  1,400,000  times,  mater  than  those  of  the  earth. 

Thus,  to  form  a  globe  like  the  sun,  it  would  be  necessaiy  to  roll 
nearly  fourteen  hundred  thousand  globes  like  the  earth  into  one. 

It  is  found  by  consideriog  the  bulks  of  the  different  planets,  that 
if  all  the  planets  and  satellites  in  the  solar  system  were  moulded 
into  a  single  globe,  that  globe  would  still  not  exceed  the  five-han- 
dredth  part  the  globe  of  the  sun  :  in  other  words,  the  bulk  of  the 
sun  is  five  hundred  limes  greater  than  the  aggregate  bulk  of  dl  the 
rest  of  the  bodies  of  the  system. 

2532.  Its  mass  and  density.  —  By  methods  of  calculation  and 
observation,  which  will  be  explained  hereafter,  the  ratio  of  the  mass 
of  matter  composing  the  globe  of  the  sun,  to  the  mass .  of  matter 
composing  the  earth,  has  been  ascertained  to  be  254,936  to  1. 

By  comparing  this  proportion  of  the  quantities  of  ponderable 
matter  in  the  sun  and  earth  with  their  relative  volumes,  it  will  be 
evident  that  the  mean  density  of  the  matter  composing  the  sun 
must  be  about  four  times  less  than  the  mean  density  of  the  matter 
composing  the  earth ;  for  although  the  volume  of  the  sun  exceeds 
that  of  the  earth  in  the  ratio  of  1,400,000  to  1,  its  weight  or  mass 
exceeds  that  of  the  earth  in  the  lesser  ratio  of  355,0W)  to  1,  the 
latter  ratio  being  four  times  less  than  the  former.  Bulk  for  bulk, 
therefore,  the  sun  is  four  times  lighter  than  the  earth. 

Since  the  mean  density  of  the  earth  is  5*67  times  that  of  water 
(2393),  it  follows  that  the  mean  density  of  the  sun  is  1*42  times,  or 
about  one  half,  greater  than  that  of  water. 

From  the  comparative  lightness  of  the  matter  composing  it,  Her- 
schel  infers  the  probability  that  an  intense  heat  prevails  in  its  inte- 
rior, by  which  its  elasticity  is  reinforced,  and  rendered  capable  of 
resisting  the  almost  inconceivable  pressure  due  to  its  intrinsic  gravi- 
tation, without  collapsing  into  smaller  dimensions. 

2533.  Form  and  rotation  —  axis  of  rotation.  —  Although,  to 
minds  unaccustomed  to  the  rigour  of  scientific  research,  it  might  ap- 
pear sufficiently  evident,  without  further  demonstration,  that  the 
sun  is  globular  in  its  form,  yet  the  more  exact  methods  pursued  in 
the  investigation  of  physics  demand  that  we  should  find  more  con- 
clusive proof  of  the  sphericity  of  the  solar  orb  than  the  mere  fact 
that  the  dieJc  of  the  sun  is  always  circular.  It  is  barely  possible, 
however  improbable,  that  a  flat  circular  disk  of  matter,  the  face  of 
which  should  always  be  presented  to  the  earth,  might  be  the  form 
of  the  sun;  and  indeed  there  are  a  great  variety  of  other  forms 
which,  by  a  particular  arrangement  of  their  motions,  might  present 
to  the  eye  a  circular  appearance  as  well  as  a  globe  or  sphere.    To 
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prove,  then,  that  a  body  is  globalar,  something  more  is  necessary 
than  the  mere  fact  that  it  always  appears  circular. 

When  a  telescope  is  directed  to  the  son,  we  discover  npon  it  cer- 
tain marks  or  spotSy  of  which  we  shall  speak  more  fully  presently. 
We  obserre  that  these  marks,  while  they  preserve  the  same  relative 
position  with  respect  to  each  other,  move  regularly  from  one  side  of 
the  son  to  the  otiier.  They  disappear,  and  continoe  to  be  invisible 
fir  a  eertaiB  time,  oome  into  view  again  on  the  other  side,  and  so 
ones  more  pass  over  the  son's  disk.  This  is  an  effect  which  would 
evidently  be  produced  by  marks  on  the  sor&oe  of  a  globe,  die  fflobe 
itaelf  revolving  on  an  axis,  and  carrying  these  marks  upon  it  That 
this  is  the  case,  is  abundantly  fvoved  by  the  fact  that  the  periods  of 
rotation  for  all  these  marks  are  found  to  be  exactly  the  same,  viz., 
about  twenty-five  days  and  a  quarter,  or  more  exactly  25'-  7^  48"^. 
Such  is,  then,  the  time  of  rotation  of  the  sun  upon  its  axis,  and 
that  it  is  a  globe  remains  no  longer  doubtful,  since  a  globe  is  the 
only  body  which,  while  it  revolves  with  a  motion  of  rotation,  would 
always  present  the  circular  appearance  to  the  eye.  The  axis  on 
which  the  sun  revolves  is  very  nearly  perpendicular  to  the  plane  of 
the  earth's  orbit,  and  the  motion  of  rotation  is  in  the  same  direction 
as  the  motion  of  the  planets  round  the  sun,  that  is  to  say,  from  west 
to  east 

2&84.  SjK^  —  One  of  the  earliest  fruits  of  the  invention  of  the 
telescope  was  the  discovery  of  the  spots  upon  the  sun ;  and  the  ex- 
ammation  of  these  has  gradually  led  to  some  knowledge  of  the 
phyrieal  constitution  of  the  centre  of  attraction  and  the  common 
fountain  of  light  and  heat  of  our  system. 

When  we  submit  a  solar  spot  to  telescopic  examinatiion,  we  dis- 
cover its  appearance  to  be  that  of  an  intensely  black  irregularly 
shaped  patch,  edged  with  a  penumbral  fringe.  When  watched  for 
a  considerable  time,  it  is  found  to  undergo  a  gradual  change  in  its 
form  and  magnitude ;  at  first  increasing  gradually  in  size,  until  it 
attains  some  definite  limit  of  magnitude,  when  it  ceases  to  increase, 
and  soon  begins,  on  the  contrary,  to  diminish ;  and  its  diminution 
goes  on  gradually,  until  at  length,  the  bright  sides  closing  in  upon 
the  dark  patch,  it  dwindles  first  to  a  mere  point,  and  finally  disap- 
pears altogether.  The  period  which  elapses  between  the  formation 
of  the  spot,  its  gradual  enlargement,  subsequent  diminution,  and 
final  disappearance,  is  very  various.  Some  spots  appear  and  disap- 
pear very  rapidly,  while  others  have  lasted  for  weeks  and  even  for 
nionths. 

The  magnitude  of  the  spots,  and  the  velocities  with  which  the 
natter  composing  their  edges  and  fringes  moves,  as  they  increase 
utd  decrease,  are  on  a  scale  proportionate  to  the  dimensions  of  the 
orb  of  Uie  sun  itself.     When  it  is  considered  that  a  space  upon  the 


286  ASTRONOMY. 

ran's  disk,  the  apparent  breadth  of  which  is  only  a  minute,  acto&Uy 
measure  (2457) 

466  X  60  =  27,960  miles, 

and  that  spots  have  been  frequently  observed,  the  apparent  length 
and  breadth  of  which  have  ezoeeded  2^,  the  stupendous  magnitade 
of  the  reffions  they  oooupy  may  be  easily  ponceived. 

The  velocity  with  which  the  luminous  matter  at  the  edges  of  the 
spots  occasionally  moves,  during  the  gradual  increase  or  diminution 
of  the  spot,  has  been  in  some  cases  found  to  be  enormous.  A  spot, 
the  apparent  breadth  of  which  was  90^',  was  observed  by  Mayer  to 
olose  in  about  40  days.  Now,  the  actual  linear  dimensions  of  such 
a  spot  must  have  been 

466x90  =  41,940  miles. 

and  consequently,  the  average  daily  motion  of  the  matter  compodng 
its  edges  must  have  been  1050  miles,  a  velocity  equivalent  to  44 
mUes  an  hour. 

2585.  Oauie  of  the  spoU'^phyncal  itcUe  of  the  run' 9  mrjace. 
Two,  and  only  two,  suppositions  have  been  proposed  to  explain  the 
spots.  One  supposes  them  to  be  scoriso,  or  dark  scales  of  incom- 
bustible matter,  floating  on  the  general  surface  of  the  sun.  The 
other  supposes  them  to  be  excavations  in  the  luminous  matter  which 
coats  the  sun,  the  dark  part  of  the  spot  beinff  a  part  of  the  solid 
non-luminous  nucleus  of  the  sun.  In  this  latter  hypothesb  it  is 
assumed  that  the  sun  is  a  solid  non-luminous  globe,  covered  with  a 
coating  of  a  certain  thickness  of  luminous  matter. 

That  the  spots  are  excavations,  and  not  mere  black  patches  on  the 
surface,  is  proved  by  the  following  observations  :  If  we  select  a  spot 
which  is  at  the  centre  of  the  snn^  disk,  having  some  definite  form, 
such  as  that  of  a  circle,  and  watch  its  changes  of  appearance,  when, 
by  the  rotation  of  the  sun,  it  is  carried  toward  the  edge,  we  find, 
first,  that  the  circle  becomes  an  oval.  This,  however,  is  what  would 
be  expected,  even  if  the  spot  were  a  circular  patch,  inasmuch  as  a 
circle  seen  obliquely  is  foreshortened  into  an  oval.  But  we  find 
that  as  the  spot  moves  toward  the  side  of  the  sun's  limb,  the  black 
patch  gradually  disappears,  the  penumbral  fringe  on  the  inside  of 
the  spot  becomes  invisible,  while  the  penumbral  fringe  on  the  out- 
ride of  the  spot  increases  in  apparent  breadth,  so  that  when  the  spot 
approaches  the  edge  of  the  sun,  the  only  part  that  is  visible  is  the 
external  penumbral  fringe.  Now,  this  is  exactly  what  would  occur 
if  the  spot  were  an  excavation.  The  penumbral  fringe  is  produced 
by  the  shelving  of  the  sides  of  the  excavation,  sloping  down  to  its 
dark  bottom.  As  the  spot  is  carried  toward  the  edge  of  the  bud, 
the  height  of  the  inner  side  is  interposed  between  the  eye  and  the 
bottom  of  the  excavation,  so  as  to  conceal  the  latter  from  view. 
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He  sni&oe  of  the  inner  shelying  side  also  taking  the  direotion  of 
the  line  of  vision  or  yerj  nearly,  diminisbes  in  apparent  breadth, 
and  ceases  to  be  Tisible,  while  the  surface  of  the  shelvinff  side  next 
the  edge  of  the  son  becoming  nearlj  perpendicular  to  the  line  of 
vision;  i^pears  of  its  fall  breadth. 

In  shorty  all  the  variations  of  appearance  which  the  spots  nnderooi 
as  they  are  carried  ronnd  by  the  rotation  of  the  snn^  changing 
their  distances  and  positions  with  regard  to  the  sun^s  centre,  are 
exactly  such  a^  would  be  produced  by  an  excavation,  and  not  at  all 
sodi  as  a  dark  patch  on  the  solar  surfiioe  would  undergo. 

2536.  Sun  invested  hy  two  atmosphereif  one  luminotu  and  the 
other  non-lumtnous.  — It  may  be  considered,  then,  as  proved,  that 
the  qK>t8  on  the  sun  are  excavations;  and  that  the  apparent  black- 
ness is  produced  by  the  fact,  that  the  part  constituting  the  dark 
portion  of  the  spot  is  either  a  sur&ce  totally  destitute  of  light,  or 
by  comparison  so  much  less  luminous  than  the  general  surSuse  of 
the  sun  as  to  appear  black.  This  fact,  combined  with  the  appear- 
ance of  the  penumbral  edses  of  the  spots,  has  led  to  the  supposi- 
tion, advanced  by  Sir  W.  Herschel,  which  appears  scarcely  to  admit 
of  doubt,  that  the  solid,  opaque  nucleus,  or  globe  of  the  sun,  is 
myested  with  at  least  two  atmospheres;  that  which  is  next  the  sun 
bong,  like  our  own,  non-luminous,  and  the  superior  one  being  that 
alone  in  which  light  and  heat  are  evolved ;  at  all  events,  whether 
these  strata  be  in  the  gaseous  state  or  not,  the  existence  of  two 
such,  one  placed  above  the  other,  the  superior  one  being  luminoos, 
seems  to  be  exempt  firom  doubt. 

2537.  Spots  may  not  he  black,  — We  are  not  warranted  in  as- 
Boming  that  the  blade  portion  of  the  spots  are  surfiices  really 
deprived  of  light,  for  the  most  intense  artificial  lights  which  can  be 
produoed,  sodi,  for  example,  as  that  of  a  piece  of  quiok-lime  ex- 
posed to  the  action  of  the  compound  blow-pipe,  when  seen  projected 
on  the  sun's  disk,  appear  as  dark  as  the  spots  then^lves ;  an  effect 
which  must  be  ascribed  to  the  infinitely  superior  splendour  of  the 
son's  light  All  that  can  be  legitimately  inferred  respecting  the 
spots,  then,  is,  not  that  they  are  destitute  of  light,  but  that  they 
are  incomparably  less  brilliant  than  the  general  surface  of  the  sun. 

2538.  Spots  variable. — The  prevalence  of  spots  on  the  sun's 
disk  is  both  variable  and  irregular.  Sometimes  the  disk  will  be 
completely  divested  of  them,  and  vdll  continue  so  for  weeks  or 
months;  sometimes  they  will  be  sfwead  over  certain  parts  of  it  in 
profosion.  Sometimes  the  spots  will  be  small,  but  numerous; 
sometimes  individual  spots  will  appear  of  vast  extent ;  sometimes 
they  will  be  manifested  in  groups,  the  penumbras  or  fringes  being  in 
contact. 

The  duration  of  each  spot  is  also  subject  to  great  and  irregular 
vaiiation.    A  spot  has  appeared  and  vanished  in  less  than  twenty- 
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four  hours,  while  some  have  maintained  their  appearance  and  posi- 
tion for  nine  or  ten  weeks,  or  during  nearly  three  complete  revolu- 
tions of  the  sun  upon  its  axis. 

A  large  spot  has  sometimes  been  observed  suddenly  to  cnunble 
into  a  great  number  of  small  ones. 

2589.  Prevail  generally  in  two  parallel  zones.  —  The  only  cir- 
cumstance of  regularity  which  can  be  said  to  attend  these  remark- 
able phenomena  is  their  position  upon  the  sun.  They  are  invariably 
confined  to  two  moderately  broad  zones  parallel  to  the  solar  equator, 
separated  from  it  by  a  space  several  degrees  in  breadth.  The 
equator  itself,  and  this  space  which  thus  separates  the  macular 
zones,  are  absolutely  divested  of  such  phenomena. 

Thus,  for  example,  in  the  latter  part  of  1886  and  the  beginning 
of  1887,  when  a  lai^  number  of  spots  became  apparent,  their 
position  was  such  as  is  represented  in^.  782,  where  e  q  represents 
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the  sun's  equator,  and  mm'  nn'  the  northern,  and  pj/  qg^  the 
southern  macular  zones. 

2540.  Observations  and  drawings  of  M,  Capocci.  —  The  astro- 
nomers who  have  within  the  last  quarter  of  a  century  made  the  most 
important  contributions,  by  their  observations  and  researches,  to  this 
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nbjeety  are  M.  Gapoccij  of  Naples,  Dr.  Putorff,  of  Frankfort  (oa 
the  Oder),  and  Sir  John  HerscneL 

M.  Capocci  made  a  series  of  observations  on  the  spots  which 
were  developed  on  the  snn's  disk  in  1826,  when  he  recognised  most 
of  the  characters  above  described.  He  observed  that,  daring  the 
iQcrease  of  the  spot  from  its  first  appearance  as  a  dark  point,  the 
edges  were  sharply  defined,  withont  any  indication  of  the  ffradoallv 
&diBg  away  of  the  fringes  into  the  dark  central  spot,  or  into  each 
other;  a  character  which  was  again  observed  by  Sir  J.  Herschel,  in 
1837.  He  found,  however,  that  the  same  chuacter  was  not  main- 
tuned  when  the  sides  began  to  contract  and  the  spots  to  diminish  : 
daring  that  process  the  edges  were  less  strongly  defined,  being 
apparently  covered  by  a  sort  of  luminous  atmosphere,  which  often 
extended  so  completely  across  the  dark  nucleus  as  to  throw  a  thin 
thread  of  light  across  it,  after  which  the  spot  soon  filled  up  and 
disappeared.  Capocci  concurs  with  Sir  W.  Herschel  in  regarding 
the  internal  fringes  surrounding  the  dark  nucleus  as  the  section  of 
the  inferior  stratum  of  the  atmosphere  which  forms  the  coating  of 
the  son;  he  nevertheless  thinks  that  there  are  indications  of  solid 
u  well  as  gaseous  luminous  matter. 

Capocci  also  observed  veins  of  more  intensely  luminous  matter 
on  the  fringes  converging  towards  the  nucleus  of  the  spot,  which  he 
compares  to  the  structure  of  the  iris  surrounding  the  pupil  of  the 
eye. 

The  drawings  of  the  spots  observed  by  M.  Capocci,  given  in 
Hate  y.,  will  illustrate  these  observations.  It  is  to  be  regretted, 
however,  that  he  has  not  given  any  measures,  either  in  his  memoirs 
or  npoQ  his  drawings,  by  which  the  position  or  magnitude  of  the 
spots  can  be  determined. 

2541.  Ohservaiwfu  and  draw%ng$  of  Dr.  Pastorff^  in  1826.  — 
Dr.  Pastorff  commenced  his  course  of  solar  observations  as  early  as 
1B19.  He  observed  the  spots  which  appeared  in  1826,  of  which 
he  published  a  series  of  drawings,  from  which  we  have  selected 
those  given  in  Plate  VL,  from  observations  made  in  September  and 
Oetober,  contemporaneously  with  those  of  M.  Capocci.  Pastorff 
gives  the  position  of  all,  and  the  dimensions  of  the  principal  spots. 
The  numbers  on  the  horizontal  and  vertical  lines  express  the  appa- 
Knt  distances  of  the  spots  severally  fifom  the  limb  of  the  sun  in 
^h  direction.  The  actual  dimensions  may  be  estimated  by  observ- 
ing that  1"  measured  at  right  angles  to  the  visual  ray  represents 
^66  miles. 

^542.  OhservatioM  and  dratoinffi  of  Pastorff,  in  1828.  —  In 
May  and  Jane,  1828,  a  profusion  of  spots  were  developed,  which 
were  observed  and  delineated  by  Pastorff  with  the  most  elaborate 
accuracy. 

In  PUte  Vn.,  Jig.  1  represents   the  positions  of  the  spots  as 
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they  appeared  on  the  disk  of  the  sun  on  the  24th  of  Hay,  at  10 
A.M.y  Vkudjigs.  2, 3,  4,  and  5,  represent  their  forms  and  magnitades. 
The  letters  A,  B,  c,  T>,  in  Jig.  1,  give  the  positions  of  we  spots 
marked  by  the  same  letters  in  /tgi.  2,  3,  4,  and  5. 

The  dimensions  of  the  principal  spot  of  the  group  A  were  stu- 
pendous }  measured  in  a  plane  at  right  angles  to  the  visual  Hue,  the 
length  was  466  X  100  =46,600  mUes,  and  the  breadth  466  x  60 
=  27,960  miles. 

The  apparent  breadth  of  the  black  bottom  of  the  spot  was  40^, 
which  corresponds  to  an  actual  breadth  of  466  X  40  =  18,640 
miles.  So  that  the  globe  of  the  earth  might  pass  through  such  a 
hole,  leaving  a  distance  of  upwards  of  5000  mUes  between  its  sur- 
fiioe  and  the  edges  of  the  chasm. 

The  superficial  dimensions  of  the  several  groups  of  spots  observed 
on  the  sun  on  the  24th  of  May,  at  10  A.  M.,  including  the  shelving 
sides,  were  calculated  to  be  as  follows : — 

Square  Oeog.  Mnen 

Group  A,  principal  spot 928,000,000 

Ditto,  smaUer  spoU 786,000,000 

Group  B 296.000,000 

Group  C 282,000,000 

Group  D 804,000,000 

Total  area 2,496,000,000 

Thus  it  appears  that  the  prindpal  spot  of  the  sroup  A  covered  a 
space  equal  to  little  less  than  five  times  the  entire  surface  of  the 
earth;  and  the  total  area  occupied  by  all  the  spots  collectively 
amounted  to  more  than  twelve  times  that  surface. 

On  the  days  succeeding  the  24th  of  May,  all  the  spots  were  ob- 
served to  change  their  form  and  magnitude  from  day  to  day.  The 
great  spot  of  the  group  a,  which  even  when  so  close  to  the  limb  of 
tiie  sun  as  5',  or  a  sixth  of  the  apparent  diameter,  still  measured 
SO''  by  40^',  was  especially  rapid  in  its  variation.  Its  shelving  sides, 
as  well  as  its  dark  bottom,  were  constantly  varied,  and  luminous 
clouds  were  seen  floating  over  the  latter. 

After  the  disappearance  of  this  large  spot,  and  several  of  the 
lesser  ones  of  the  other  groups,  a  new  spot  of  considerable  magni- 
tude made  its  appearance  en  the  13th  of  June,  at  the  eastern  edge 
of  the  disk,  which  gradually  increased  in  magnitude  for  eight  days. 
On  the  2l8t  of  June,  at  half-past  9  in  the  morning,  the  diSk  of  the 
sun  exhibited  the  spots  whose  position  is  represented  in  Jig,  6,  Plate 
YII,  and  whose  forms  and  magnitudes  are  indicated  in  Jigs.  7,  8,  9, 
and  10. 

The  chief  spot  of  the  group  A  was  nearly  circular,  and  measured 
64''  in  apparent  diameter,  the  diameter  of  its  dark  base  beins  about 
80",  which,  without  allowing  for  projection,  represent  actual  lengths 
of  466  X  64  =  29,824  miles,  and  466  x  30  =  13,980  miles,  the 
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fermer  beiog  abora  8^  tinMS,  and  the  latter  nearly  1}  times  tlia 
etfth'8  diameter^  The  pTocesB  of  formation  of  this  spot,  surromided 
bj  Inminooa  elonda,  was  dearly  seen.  The  shelling  sides  were 
tnTersed  by  lominoos  nvines  or  rills,  ocmvei^ng  towaiSs  the  centre 
of  tke  blade  nodeos,  and  ezhibitmg  tibe  appearance  which  Capocd 
oompved  to  the  straetore  of  the  iiis. 

On  the  same  day  (the  2l8t)j  another  large  spot^  b,  fig.  8.  appeared, 
which  neasmed  W  by  40"'. 

PutoriF  rejects  the  snpposition  that  these  spots  were  the  mere  re- 
appemnoea  of  those  which  had  been  observed  on  the  24th  of  May, 
anoe  they  differed  essentially  in  their  form^  and  still  more  in  their 

2543.  Ob$ervcaums  of  Sir  J.  Benchd  in  1887.  — Sir  J.  Her- 
Kkd,  at  the  Cape  of  Good  Hope,  in  1837,  observed  the  spots  which 
at  that  time  appeared  upon  the  son^  and  has  given  various  drawings 
of  them  in  bis  Gape  Observations.  These  diagrams  do  not  difier  m 
uj  raspect  in  their  general  character  from  those  of  Capocoi  and 
haktfL  Sir  J.  Hersebel  recognised  on  this  occasion  the  striated 
or  radiated  appearance  in  the  fringes  already  noticed  by  Capocd  and 
PulorC  He  thinks  that  this  structare  is  intimately  connected  widi 
the  physical  agency  by  which  the  spots  are  produced. 

2544.  Boundary  of  frvnge^  diitmctly  defined,  —  It  is  observed 
by  Sir  J.  Hersofael,  that  one  of  the  most  universal  and  striking 
chanMsters  of  the  solar  spots  is,  that  the  penumbral  fringe  and  black 
spot  are  distinctly  defined,  and  do  not  melt  gradually  one  into  the 
other.  The  spots  are  intensely  black,  and  the  penumbral  fringe  of 
a  perfectly  uniform  degree  of  shade.  In  some  cases  there  are  two 
poances  of  fringe,  one  lighter  than  the  other ;  but  in  that  case  no 
iatermixtare  or  gradual  fading  away  of  one  into  the  other  is  appa- 
rent. «The  idea  conveyed/'  observes  Sir  J.  Hersohel,  ''is  more 
that  of  the  successive  withdrawal  of  veils, — ^the  partial  removal  of 
definite  films, — than  the  melting  away  of  a  mist  or  the  mutual  dilu- 
tion of  gaseous  media.''  This  absence  of  all  graduation,  this 
sharply  marked  anddenness  of  transition,  is,  as  Sir  J.  Hersebel  also 
notices,  entirely  opposed  to  the  idea  of  the  easy  misdbility  of  the 
luminous,  non-luminous,  and  semi-luminous  constituents  of  the  solar 
envelope. 

2545.  Solar  facuies  and  lucules.  —  Independently  of  the  dark 
spota  just  described,  the  luminous  part  of  the  solar  disk  is  not  uni- 
formly bright.  It  presents  a  mottled  appearance,  which  may  be 
compared  to  that  which  would  be  presented  by  the  undulated  and 
Stated  surface  of  an  ocean  of  liquid  &*e,  or  to  a  stratum  of  lumi- 
DOQs  clouds  of  varying  depth  and  naving  an  unequal  surfiioe,  or  the 
appearance  produced  by  the  slow  suroidence  of  some  flocculent 
chemical  precipitates  in  a  tiansparent  fluid,  when  looked  at  perpen- 
dicnlarly  from  above.    In  the  space  immediately  aroand  the  edges 
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of  the  spots  extensive  spaces  are  obsenred,  also  covered  with  strongly 
defined  curved  or  branching  streaks^  more  intense]^  luminous  than 
the  other  parts  of  the  disk,  among  which  spots  often  break  out. 
These  several  varieties  in  the  intensity  of  the  brightness  of  the  disk 
have  been  differently  designated  by  the  terms  facvles  and  luevles. 
These  appearances  are  generally  more  prevalent  and  strongly  marked 
near  the  edges  of  the  disk. 

2546.  Incandescent  coating  of  the  sun  gaseous, — ^Yarioos  attempts 
have  been  made  to  ascertain  by  the  direct  test  of  observation^  inde- 
pendently of  conjecture  or  hypothesis,  the  physical  state  of  the 
luminous  matter  which  coats  the  globe  of  the  sun^  whether  it  be 
solid,  liquid,  or  gaseous. 

That  it  is  not  solid  is  admitted  to  be  proved  conclusively  by  its 
extraordinary  mobility,  as  indicated  by  the  rapid  motion  of  the 
edges  of  the  spots  in  closing ;  and  it  is  contended  that  a  fluid  ca- 
pable of  moving  at  the  rate  of  44  miles  per  hour  cannot  be  supposed 
to  be  liquid,  an  elastic  fluid  alone  admitting  of  such  a  motion. 

2547.  Test  of  this  proposed  hy  Arago.  — AragO;  has,  however, 
suggested  a  physical  test,  by  which  it  appears  to  be  proved  that  this 
luminous  matter  must  be  gaseous ;  in  short,  that  the  sun  must  be 
invested  with  an  ocean  of  flame,  since  flame  is  nothing  more  than 
aeriform  fluid  in  a  state  of  incandescence  (1584).  This  test  pro- 
posed is  based  upon  the  properties  of  polarised  light 

It  has  been  proved  that  the  light  emitted  from  an  incandescent 
body  in  the  liquid  or  solid  state,  issuing  in  directions  very  oblique 
to  the  surface,  even  when  the  body  emitting  it  is  not  smooth  or 
polished,  presents  evident  marks  of  polarisation ;  so  that  such  a  body, 
when  viewed  through  a  polariscopic  telescope,  will  present  two  im- 
ages in  complementary  colours  (1290).  But,  on  the  other  hand,  no 
signs  of  polarisation  are  discoverable,  however  oblique  may  be  the 
direction  in  which  the  rays  are  emitted,  if  the  luminous  matter  be 
flame. 

2548.  Its  result — The  light  proceeding  from  the  disk  of  the  sun 
has  been  accordingly  submitted  to  this  test  The  rays  proceeding 
from  its  borders  evidently  issue  in  a  direction  as  oblique  as  possible 
to  the  surface,  and  therefore,  under  the  condition  most  favourable 
to  polarisation,  if  the  luminous  matter  were  liquid.  Nevertheless, 
the  borders  of  the  double  image  produced  by  the  polariscope  show 
no  signs  whatever  of  complementary  colours,  both  being  equally 
white,  even  at  the  very  edges. 

This  test  is  only  applicable  to  the  luminous  matter  at  or  near  the 
edge  of  the  disk,  because  it  is  from  this  only  that  the  rays  issue 
with  the  necessary  obliquity.  But  since  the  sun  revolves  on  its 
axis  (2533),  every  part  of  its  surface  comes  in  succession  to  the  edge 
of  the  disk  \  and  thus  it  follows  that  the  light  emanating  from  every 
part  of  it  is  in  its  natural  or  unpolarised  state,  even  when  iasuing 
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it  ihe  greatest  obliquity;  and,  consequently^  that  the  luminouB 
matter  is  every  where  gaseous. 

2549.  The  sun  probably  invested  tinth  a  double  gaseous  coating. 
•  —  All  the  phenomena  which  have  been  here  described,  and  others 
which  our  limits  compel  us  to  omit,  are  considered  as  ^ing  a  high 
degree  of  physical  probability  to  the  hypothesis  of  Sir  W.  Herschel 
already  noticed,  in  which  the  aun  is  considered  to  be  a  solid,  opaque, 
noD-Iuminous  globe,  invested  by  two  concentric  strata  of  gaseous 
matter;  the  first,  or  that  which  rests  immediately  on  the  surface, 
being  non-lominous,  and  the  other,  which  floats  upon  the  former, 
being  luminous  gas  or  flame.  The  relation  and  arrangement  of 
these  two  fluid  strata  may  be  illustrated  by  our  own  atmosphere, 
supporting  upon  it  a  stratum  of  clouds.  If  such  clouds  were  flame, 
the  condition  of  our  atmosphere  would  represent  the  two  strata  on 
the  sun. 

The  i^pots  in  this  hypothesis  are  explained  by  occasional  openings 
in  the  luminous  stratum  by  which  parts  of  the  opaque  and  non- 
luminous  sur&ce  of  the  solid  globe  are  disclosed.  These  partial 
openings  may  be  compared  to  the  openings  in  the  clouds  of  our 
sky,  by  which  the  firmament  is  rendered  partially  visible. 

The  apparent  diameter  of  the  sun  is  not,  therefore,  the  diameter 
of  the  solid  globe,  but  that  of  the  globe  bounded  by  the  surface  of 
the  superior  or  luminous  atmosphere ;  and  this  circumstance  may 
throw  some  light  upon  the  small  computed  mean  density  of  the  sun, 
since,  considering  the  high  degree  of  rarefaction  which  must  be  sup- 
posed to  characterise  these  atmospheric  strata,  and  especially  the  su- 
perior one,  the  density  of  the  solid  globe  will  necessarily  be  much 
more  considerable  than  the  mean  density  of  the  volume  in  which 
such  rarefied  matter  is  included. 

2550.  A  third  gaseous  atmosphere  probable,  —  Many  circum- 
stances supply  indications  of  the  existence  of  a  gaseous  atmosphere 
of  great  extent  above  the  luminous  matter  which  forms  the  visible 
surface  of  the  sun.  It  is  observed  that  the  brightness  of  the  solar 
disk  is  sensibly  diminished  towards  its  borders.  This  effect  would 
be  produced  if  it  were  surrounded  by  an  imperfectly  transparent  at- 
mosphere; whereas  if  no  such  gaseous  medium  surrounded  it,  the 
reverse  of  such  an  effect  might  be  expected,  since  then  the  thickness 
of  the  luminous  coating  measured  in  the  direction  of  the  visual  ray 
would  be  increased  very  rapidly  in  proceeding  from  the  centre 
towards  the  edges.  This  gradual  diminution  of  brightness  in  pro* 
ceeding  towards  the  borders  of  the  solar  disk  has  been  noticed  by 
many  astronomers;  but  it  was  most  clearly  manifested  in  the  series 
of  observations  made  by  Sir  J.  Herschel  in  1837,  so  conclusively, 
indeed,  as  to  leave  no  doubt  whatever  of  its  reality  on  the  mind  of 
that  eminent  observer.  By  projecting  the  image  of  the  sun's  disk 
on  white  paper  by  means  of  a  good  achTomatio  telescope^  this  di 
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minution  of  light  towarda  the  holders  was  on  that  ooeaaon  rendered 
80  apparent,  that  it  appeared  to  him  surprising  that  it  ahoold  ever 
have  oeen  questioned. 

2551.  Its  existence  indicated  by  solar  eclipses,  —  But  the  most 
conclusive  proofs  of  the  existence  of  such  an  external  atmosphere 
are  supplied  hy  certain  phenomena  ohserved  on  the  occasion  of  total 
eclipses  of  the  sun^  which  will  be  fully  explained  in  another  chapter 
of  this  volume. 

2552.  Sir  J.  EerscheTs  hypothesis  to  eocpUixn  the  solar  spoU,  — 
The  immediate  cause  of  the  spots  being  proved  to  be  occasional 
ruptures  of  continuitv  in  the  ocean  of  luminous  fluid  which  forms 
the  visible  surface  of  the  solar  globe,  it  remains  to  discover  what 
physical  agency  can  be  imadned  to  produce  dynamical  phenomena 
on  a  scale  so  vast  as  that  which  the  changes  of  appearance  <^  the 
spots  indicate. 

The  regions  of  the  spots  being  two  cones  paraUel  to  the  solar 
equator,  manifests  a  connection  between  these  phenomena  and  the 
sun's  rotation.  The  like  regions  on  the  earth  are  the  theatres  of 
the  trade-winds  and  anti-trades,  and  of  hurricanes,  tornadoes,  water- 

rts,  and  other  violent  atmospheric  disturbances.  On  the  planets, 
lame  regions  are  marked  by  belts,  appearances  which  are  traced 
by  analogv  to  the  same  physictd  causes  as  those  which  produce  the 
trades  and  other  atmospheric  perturbations  prevailing  in  the  tropical 
and  ultra-tropical  aones.  Analogy,  therefore,  suggests  the  inqoiiy, 
whether  any  physical  agencies  can  exist  upon  the  sun  similar  to 
those  which  produce  these  phenomena  on  the  earth  and  planets. 

So  far  as  relates  to  the  earth  it  is  certain,  and  so  fiur  as  rektes  to 
the  planets  probable,  that  the  immediate  physical  cause  of  these 
phenomena  is  the  inequality  of  the  exposure  of  the  earth's  sur&ce 
to  solar  radiation,  and  the  consequent  inequality  of  temperature 
produced  in  different  atmospheric  zones,  either  by  the  direct  or  re- 
flected calorific  rays  of  the  sun,  combined  with  the  earth's  rotation 
(2528).  But  since  the  sun  is  itself  the  common  fountain  of  heat, 
supplying  to  all,  and  receiving  from  none,  no  similar  agenoy  can 
prevail  upon  it  It  remains,  therefore,  to  consider  whether  the  play 
of  the  physical  principles  which  are  in  operation  on  the  sun  itself, 
irrespective  of  any  other  bodies  of  the  system,  can  supply  an  ex- 
planation of  such  a  local  difference  of  temperature  as,  combined 
with  the  sun's  rotation,  would  produce  any  special  physical  effects 
on  the  macular  zones  by  which  Uie  phenomena  of  the  spots  might 
be  explicable. 

The  heat  generated  by  some  undiscovered  agency  upon  the  sun  is 
dupersed  through  the  surrounding  space  by  radiation.  If,  as  may 
be  assumed,  the  rate  at  which  this  heat  is  generated  be  the  same  on 
all  parts  of  the  sun,  and  if,  moreover,  the  radiation  be  equally  free 
and  unobstructed  m>m  all  parts  of  its  surfiftce^  it  is  evident  that  an 
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uoiform  temperature  must  be  everywhere  maintained.  But  if,  from 
any  local  cause,  the  radiation  be  more  obstructed  in  some  remons 
than  in  others,  heat  will  accumulate  in  the  former^  and  the  local 
temperature  will  be  more  elevated  there  than  where  the  radiation  is 
more  free. 

But  the  only  obstruction  to  firee  radiation  from  the  sun  must  arise 
tern  the  atmosphere  with  which  to  an  height  so  enormous  it  is  sur- 
nmoded.  If,  however,  this  atmosphere  have  everywhere  the  same 
height  and  the  same  density,  it  will  present  the  same  obstruction  to 
ndttition ;  and  the  effective  radiation  which  takes  place  through  it, 
ihoogh  more  feeble  than  that  which  would  be  produced  in  its  ab- 
sence, is  still  uniform. 

But  since  the  sun  has  a  motion  of  rotation  on  its  axis  in 
25^  7^  48***,  its  atmosphere,  like  that  of  the  earth,  must  participate 
in  tliat  motion  and  the  effects  of  centrifugal  force  upon  matter  so 
mobile:  the  equatorial  lone  being  carried  round  with  a  velocity 
greater  than  3(K)  miles  per  second,  while  the  polar  zones  are  moved 
at  a  rate  indefinitely  slower,  all  the  effects  to  which  the  spheroidal 
form  of  the  earth  is  due  will  affect  this  fluid  with  an  energy  pro- 
portionate to  its  tenuity  and  mobility,  the  consequence  of  which 
will  be,  that  it  will  assume  the  form  of  an  oblate  spheroid,  whose 
aziB  will  be  that  of  the  sun's  rotation.  It  will  flow  from  the  poles 
to  the  equator,  and  its  height  over  the  zones  contiguous  to  the 
equator  will  be  greater  than  over  those  contiguous  to  the  poles, 
in  a  degree  proportionate  to  the  ellipticity  of  the  atmospherio 
spheroid. 

Now,  if  this  reasoning  be  admitted,  it  will  follow  that  the  ob- 
struction to  radiation  pr(>duced  by  the  solar  atmosphere  is  greatest 
over  the  equator,  and  gradually  decreases  in  proceeding  towards 
either  pole.  The  accumulation  of  heat,  and  consequent  elevation 
of  temperature,  is,  therefore,  gfeatest  at  the  equator,  and  gradually 
decreases  towards  the  poles,  exactly  as  happens  on  the  earth  from 
other  and  different  physical  causes. 

The  effects  of  this  inequality  of  temperature,  combined  with  the 
rotation,  upon  the  solar  atmosphere,  will  of  course  be  similar  in 
their  general  character,  and  different  only  in  degree  from  the  phe- 
nomena produced  by  the  like  cause  on  the  earth.  Inferior  currents 
will,  as  upon  the  earth,  prevail  towards  the  equator,  and  superior 
counter-currents  towards  the  poles  (2528).  The  spots  of  the  sun 
would,  therefore,  be  assimilated  to  Uiose  tropical  regions  of  the  earth 
in  which,  for  the  moment,  hurricanes  and  tornadoes  prevail,  the 
upper  stratum  which  has  come  from  the  equator  being  temporarily 
carried  downwards,  displacing  by  its  force  the  strata  of  luminous 
^  matter  beneath  it  (which  may  be  conceived  as  forming  an  habitually 
tranquil  limit  between  the  opposite  upper  and  under  currents),  the 
upper  of  course  to  a  greater  extent  than  the  lower,  and  thus  wholly 

21* 
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or  partially  denuding  the  opaque  surface  of  the  ran  below.  SacL 
processes  cannot  be  unaccompanied  by  vortioose  motions^  whioh,  lefl 
to  themselves,  die  awaj  by  degrees,  and  dissipate,  with  this  pecu- 
liarity, that  their  lower  portions  come  to  rest  more  speedily  than 
their  upper,  by  reason  of  the  greater  distance  below,  as  well  as  the 
remoteness  from  the  point  of  action,  which  lies  in  a  higher  region, 
so  that  their  centre  (as  seen  in  our  waterspouts,  which  are  nothing 
but  small  tornadoes)  appears  to  retreat  upwards.* 

Sir  J.  Herschel  maintains  that  all  this  agrees  perfectly  with  what 
is  observed  during  the  obliteration  of  the  solar  spots,  which  appear 
as  if  filled  in  by  the  collapse  of  their  sides,  the  penumbra  doaiiig  in 
upon  the  spot  and  disappearing  afterwards. 

It  would  have  rendered  this  ingenious  hypothesis  still  more  satis- 
£Eictory,  if  Sir  J.  Herschel  had  assigned  a  reason  why  the  luminous 
and  subjacent  non-luminous  atmosphere,  both  of  which  are  aammed 
to  be  gaseous  fluids,  do  not  affect,  in  consequence  of  the  rotation, 
the  same  spheroidal  fonn  whioh  he  ascribes  to  the  superior  sslar 
atmosphere. 

2553.  Calorific  powr  of^oHar  rays,  —  It  has  been  already  shown 
(2217)  that  the  intensity  of  heat  on  the  sun's  sur&ce  must  be  seven 
times  as  mat  as  that  of  the  vivid  ignition  of  the  fuel  in  the  strong- 
est blast-rumace.  This  power  of  solar  light  is  also  proved  by  the 
&oility  with  which  the  calorific  rays  pass  through  glass.  Henchel 
found,  by  experiments  made  with  an  actinometer, tuit 81-6  percent 
of  the  calorific  rays  of  the  sun  penetrate  a  sheet  of  plate-glass  012 
inch  thick,  and  that  85*9  per  cent  of  the  rays  which  have  passed 
through  one  such  plate  will  pass  through  another.f 

2554.  Probable  physical  cause  of  solar  heat.  —  One  of  the  most 
difficult  questions  connected  with  the  physical  condition  of  the  sun, 
is  the  discovery  of  the  agency  to  which  its  heat  is  due.  To  tbo 
hypothesis  of  combustion,  or  any  other  which  involves  the  supposi- 
tion of  extensive  chemical  change  in  the  constituents  of  the  surface, 
there  are  inraperable  difficulties.  Conjecture  is  all  that  can  be 
offered,  in  the  absence  of  all  data  upon  which  reasoning  can  be 
based.  Without  any  chemical  change,  heat  may  be  indefinitely 
generated  either  by  friction  or  by  electric  currents,  and  each  of  these 
causes  have  accordingly  been  suggested  as  a  possible  source  of  solar 
beat  and  light  According  to  the  latter  hypothesis,  the  sun  would 
be  a  great  SLECTBio  UQHT  in  the  centre  of  the  system. 

*■ 
*  Herschers  Gape  Observatioius,  p.  484.  f  ^^^^  P-  ^^' 
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CHAP.  xn. 

THX  BOLAB  ST8TSM. 

2555.  Perci^pHon  of  ihe  motion  and  poniton  of  nanrcwuding 
obfects  depends  upon  the  station  of  the  observer.  —  The  &eilityy 
cleaniefiSy  and  certainty  with  which  the  mottona,  diatanoea,  magni- 
tadea,  and  rektive  poeition  and  arrangement  of  any  surrounding 
objects  can  be  aaoertained,  depends,  in  a  great  degree,  upon  the 
station  of  the  observer.  The  form  and  relative  disposition  of  the 
buildings,  streets,  squares,  and  limits  of  a  great  city,  are  perceived, 
for  example,  with  more  clearness  and  certainty  if  the  station  of  ihe 
observer  be  selected  at  the  summit  of  a  lofty  building,  than  if  it 
were  at  any  station  level  with  the  general  plane  of  the  city  itself. 
This  advantage  attending  an  elevated  place  of  observation  is  much 
augmented  if  the  objects  observed  are  affected  by  various  and  com- 
plicated motions  inter  se.  A  general,  who  directs  the  evolutions  of 
a  battle,  seeks  an  elevated  position  from  which  he  can  obtain,  as  far 
as  it  is  practicable  to  do  so,  a  hird's-^e  view  of  the  field;  and  it 
was  at  one  time  proposed  to  employ  captive  balloons  by  which  ob* 
servers  could  be  raised  to  a  sufficient  elevation  above  tne  plane  of 
the  military  manoeuvres. 

All  these  difficulties,  which  arise  from  the  station  of  the  observer 
being  in  the  general  plane  of  the  motions  observed,  are,  however, 
infinitely  aggravated  when  the  station  has  itself  motions  of  which 
the  observer  is  unconscious ;  in  such  case  the  effects  of  these  motions 
are  optically  transferred  to  surrounding  objects,  giving  them  apparent 
motions  in  directioas  contrary  to  that  of  the  observer,  and  apparent 
velocities,  which  vary  with  their  distance  from  the  observer,  in- 
creasing as  that  distance  diminishes,  and  diminishing  as  that  distance 
increases. 

All  such  effects  are  imputed  by  the  unconscious  observer  to  so 
many  real  motions  in  the  objects  observed ;  and,  being  mixed  up 
with  the  motions  by  which  such  objects  themselves  are  actually  af- 
fected, an  inextricable  confusion  of  changes  of  position,  apparent  and 
real,  results,  which  involves  the  observer  in  olMicurity  and  difficulty, 
if  his  purpose  be  to  ascertain  the  actual  motions  and  relative  dis* 
tanoes  and  arrangement  of  the  objects  around  him. 

2556.  Peculiar  difficulties  presented  by  the  solar  system,  —  AU 
these  difficulties  are  presented  in  their  most  aggravated  form  to  the 
observer,  who,  being  pUced  upon  the  earth,  desires  to  ascertain  the 
motions  and  positions  of  the  bodies  composing  the  solar  system 
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These  bodies  all  move  nearly  in  one  plane,  and  from  that  plane  the 
observer  never  departs :  he  is,  therefore,  deprived  altogether  of  the 
facilities  and  advantages  which  a  bird's-eye  view  of  the  system  would 
afford.  He  is  like  the  commander  who  can  find  no  station  from 
which  to  view  the  evolutions  of  the  army  against  which  he  has  to 
contend,  except  one  npon  a  dead  level  with  it,  but  with  this  great 
addition  to  his  embarrassment,  that  his  own  station  is  itself  subject 
to  various  changes  of  position,  of  which  he  is  altogether  unconscious, 
and  which  he  can  only  ascertain  by  the  apparent  changes  of  position 
which  they  produce  among  the  objects  of  his  observation  and  inquiry. 
The  difficulties  arising  out  of  these  circumstances  obstructed  for 
ages  the  progress  of  astronomical  science.  The  persuasion  so  ani- 
versally  entertained  of  the  absolute  immobility  of  the  earth,  was  not 
only  a  vaat  error  itself,  but  the  cause  of  numerous  other  errors.  It 
misled  inquirers  by  compelling  them  to  ascribe  motion  to  bodies 
which  are  stationary,  and  to  ascribe  to  bodies  not  stationary  motions 
altogether  different  from  those  with  which  they  are  really  affected. 

2557.  Tv30  methods  of  exposition,  —  There  are  two  methods  by 
which  a  knowledge  of  the  motions  and  arrangement  of  the  solar 
system  may  be  imparted.  We  may  first  explain  its  apparent  motions 
and  changes  as  actually  seen  from  the  earth,  and  deduce  from  them, 
combined  with  our  knowledge  of  the  motions  which  affect  the  earth 
itself,  the  real  motions  of  the  other  bodies  of  the  system ;  or  we  may, 
on  the  contrary,  first  explain  the  real  motions  of  the  entire  system  as 
they  are  now  known,  and  then  show  how  they,  combined  with  the 
motion  of  the  earth,  produce  the  apparent  motions. 

The  former  method  would  perhaps  be  more  strictly  logical,  since 
it  would  proceed  from  observed  fisu^ts  as  data  to  the  conclusions  to  be 
deduced  from  them ;  while  the  other  method  first  assumes,  as  known, 
that  which  we  desire  to  ascertain,  and  then  shows  that  it  is  com- 
patible with  all  the  observed  phenomena.  Nevertheless,  for  elemen- 
tary purposes,  such  as  those  to  which  this  volume  is  directed,  the 
latter  method  is  preferable ;  we  shall,  therefore,  explain  the  motions 
and  relative  arrangement  of  the  bodies  of  the  system,  showing,  as 
we  proceed,  how  their  motions  cause  the  phenomena  which  are  ob- 
served in  the  heavens. 

2558.  General  arrangement  of  bodies  composing  the  solar  sy^ 
tern,  —  The  solar  system  is  an  assemblage  of  great  bodies,  globular 
in  their  form,  and  analogous  in  many  respects  to  the  earth.  Like 
the  earth,  they  revolve  round  the  sun  as  a  common  centre  in  orbits 
which  do  not  differ  much  from  circles:  all  these  orbits  are  very 
nearly,  though  not  exactly,  in  the  same  plane  with  the  annual  orbit 
of  the  earth,  and  the  orbital  motions  all  take  place  in  the  same  di- 
rection as  that  of  the  earth. 

Several  of  these  bodies  are  the  centres  of  secondary  systems, 
another  order  of  smaller  globes  revolving  round  them  respectively  in 
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tLe  flame  nuuuier  and  aoeordinff  to  the  same  djaaBiieal  laws  as 
gorem  their  own  motion  round  me  bud. 

2559.  Flanets  primaty  and  secondary,  —  This  assemblage  of 
globee  which  thus  reYolve  round  the  sxm  as  a  common  centre,  of 
which  the  earth  itself  is  one,  are  called  flambts  ;  and  the  secondary 
globes,  which  revolve  round  several  of  them,  are  called  segondart 
PLANETS,  8ATSLLITEB,  Or  MOONS,  One  of  them  being  our  moon, 
which  revolves  round  the  earth  as  the  earth  itself  revolves  round 
the  sun. 

2560.  Primary  carry  with  them  the  secondary  round  Ae  tun. — 
The  primary  planets  which  are  thus  attended  by  satellites,  carry  the 
satellites  with  them  in  their  orbital  course;  the  common  orbital 
motion,  thus  shared  by  the  primary  planet  with  its  secondaries,  not 
prcTenting  the  harmonious  motion  of  the  secondaries  round  the  pri- 
mary as  a  common  centre. 

2561.  Planetary  motiom  to  he  first  regarded  as  circtdar,  umform, 
and  in  a  common  plane.  —  It  will  be  conducive  to  the  more  easy 
and  clear  comprehension  of  the  phenomena  to  consider,  in  the  first 
instance,  the  planets  as  moving  round  the  sun  as  their  common 
centre  in  exactly  the  same  plane,  in  exactly  circular  orbits,  and  with 
motions  exactly  uniform.  None  of  these  suppositions  correspond 
precisely  with  their  actual  motions;  but  they  represent  them  so  very 
nearly,  that  nothing  short  of  very  precise  means  of  observation  and 
measurement  is  capable  of  detecting  their  departure  from  them.  The 
motions  of  the  system  thus  understood  will  form  a  first  and  very 
dose  approximation  to  the  truth.  The  modifications  to  which  the 
conclusions  thus  established  must  be  submitted,  so  as  to  allow  for 
the  departure  of  the  several  planets  from  the  plane  of  the  ecliptic, 
of  their  orbits  from  exact  circles,  and  of  their  motions  from  perfect 
uniformitv,  will  be  easily  introduced  and  comprehended.  But  even 
these  will  supply  only  a  second  approximation.  Further  investiga- 
tion will  show  series  after  series  of  corrections  more  and  more  minute 
in  their  quantities,  and  requiring  longer  and  longer  periods  of  time 
to  manifest  the  effects  to  ^ich  they  are  directed. 

2562.  Thi$  method  follows  the  order  of  discovery.  —  As  to  the 
rest,  in  following  this  order,  proceeding  from  first  suppositions, 
which  are  only  rough  approximations  to  the  truth,  to  others  in  more 
exact  aeoordance  with  it,  we,  in  fact,  only  follow  the  order  of  dis- 
covery itself,  by  which  the  laws  of  nature  were  thus  gradually, 
slowly,  and  laboriously  evolved  from  masses  of  obscure  and  inexact 
hypotheses. 

2563.  Inferior  and  superior  planets.  — The  concentric  orbits  of 
the  planets  then  are  included  one  within  another,  augmenting  suc- 
cessively in  their  distances  from  the  centre,  so  as  in  general  to  leave 
a  great  space  between  orbit  and  orbit.  The  third  planet,  proceeding 
from  the  sun  outwards,  is  the  earth.     Two  orbits,  those  of  the 
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planets  called  Mercury  and  Venus,  are  therefore  included  within 
the  earth's  orbit^  which  itself  is  included  within  the  orbits  of  all  the 
other  planets. 

Those  planets  which  are  included  within  the  orbit  of  the  earth 
are  called  inferior  planets,  and  all  the  others  are  called  superior 

PLANETS. 

2564.  Periods.  —  The  periodic  time  of  a  planet  is  the  interval 
between  two  successive  returns  to  the  same  point  of  its  orbit,  or,  in 
shorty  the  time  it  takes  to  make  a  complete  revolution  round  the 
sun.  It  is  found  by  observation,  as  might  be  naturally  expected, 
that  the  periodic  time  increases  with  the  orbit,  being  much  longer 
for  the  more  distant  planets;  but,  as  will  appear  hereafter,  this  in- 
crease of  the  periodic  time  is  not  in  the  same  proportion  as  the 
increase  of  the  orbit. 

2565.  Synodic  motion.  —  The  motion  of  a  planet  considered 
merely  in  relation  to  that  of  the  earth,  without  reference  to  its  actual 
position  in  its  orbit,  is  called  its  synodic  motion. 

2566.  Geocentric  and  heliocentric  motions.  —  The  position  and 
motion  of  a  planet  as  they  appear  to  an  observer  on  the  earth  are 
called  GEOCENTRIC  * ;  and  as  they  would  appear  if  the  observer  were 
transferred  to  the  sun,  are  called  heliocentric  *. 

2567.  Heliocentric  motion  deducible  from  geocentric. —  Although 
the  apparent  motions  cannot  be  directly  observed  from  the  sun  as  a 
station,  it  is  a  simple  problem  of  elementaiy  ^ometry  to  deduce 
them  from  the  geocentric  motions,  combined  with  the  relative  dis- 
tances of  the  earth  and  planet  from  the  sun }  so  that  we  are  in  a 
condition  to  state  with  perfect  clearness,  precision,  and  certunty,  all 
the  phenomena  which  the  motions  of  the  planetary  system  would 
present,  if,  instead  of  being  seen  from  the  moveable  station  of  the 
earth,  they  were  witnessed  from  the  fixed  central  station  of  the  sun. 

2568.  delation  between  the  daily  heliocentric  motion  and  the 
period. — If  the  mean  daily  heliocentric  motion  of  a  planet  be  ex- 
pressed by  Of  and  the  periodic  time  in  days  by  p,  it  is  evident  that 
a  X  P  will  express  360^,  proinding  that  a  is  expressed  in  degrees. 
Thus  we  shall  have 

a**  X  P  =  860°; 

and  hence  it  follows,  that  if  either  the  period  P  or  the  daily  helio- 

centric  motion  be  given,  the  other  may  be  computed ;  for  we  shall 

have 

^      360°  360° 

•<>  =  —,    P  =  -^. 

It  is  usual  to  express  a,  not  in  degrees,  but  in  seconds.     In  that 

*  From  the  Greek  words  yn  (ge)  and  ipuot  (helios),  signifying  tks  sartM 
and  the  tun. 
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cue  it  will  be  neoeasaiy  to  lednce  360*^  also  to  seoonda.    We  Bhall 
therefore  have  (2292) 

„      1296000  1296000 

2509.  Daily  tynodic  motion.  —  The  daily  synodio  motion  is  the 
ingle  bj  which  the  planet  departs  from  or  approaches  to  the  earth 
]Q  its  course  round  the  son.  Thns  if  A  express  in  degrees  the  angle 
formed  by  two  lines  drawn  from  the  sun,  one  to  the  planet  and  the 
other  to  the  earth,  the  daily  synodic  motion  will  be  the  daily  in- 
crease or  decrease  of  A  prodaced  by  the  motions  of  the  earth  and 
pkoet  Now,  since  the  earth  and  planet  both  move  in  the  same 
direction  round  the  sun  with  different  angular  motions,  the  increase 
or  decrease  of  a  will  be  the  difference  of  their  motions.  Thus,  if 
the  planet  move  through  3^  while  the  earth  moves  through  1^  per 
day,  it  is  evident  that  the  daily  increase  or  decrease  of  a  will  be  2^ ; 
and  if,  while  the  earth  moves  through  1^,  the  planet  move  through 
\^i  the  daily  increase  or  decrease  of  A  will  be  4^* 

If  we  express,  therefore,  the  daily  synodic  motion  of  a  planet  by 
Of  its  daily  heliocentric  motion  by  a,  and  that  of  the  earth  by  i,  we 
shall  have,  for  an  inferior  planet,  whose  angular  motion  exceeds 
that  of  the  earth, 

0  =  a  —  f  J 
and  for  a  superior  planet,  whose  angular  motion  is  slower, 
tf  =  f  —  a. 

2570.  Relation  between  the  iynodic  motion  and  the  period. — 
Since  the  daily  heliocentric  motions  are  found  by  dividing  360^  by 
the  periods^  we  shall  have  for  an  inferior  planet 


.360^  _  360^     ^  _  1296000       1296000 


and  for  a  superior  planet 


860°   360*>      1296000   1296000 


~; 


2571.  Elongation.  —  The  geocentric  position  of  a  planet  in  re- 
lation to  the  sun,  or  the  angle  formed  by  lines  drawn  from  the  earth 
to  the  sun  and  planet,  is  cidled  the  elongation  of  the  planet,  and 
is  EAST  or  WXST,  according  as  the  planet  is  at  the  one  side  or  the 
other  of  Uie  sun. 

2572.  Conjunction.  —  When  the  elongation  of  a  planet  is  no- 
thing, it  is  said  to  be  in  confunction^  being  then  in  the  same  direct* 
tion  as  the  sun  when  seen  from  the  earth. 

2573.  Opposition.  —  When  the  elongation  of  a  planet  is  180% 
it  18  said  to  be  in  opposition,  being  thed  in  the  quarter  of  the 
heavens  directly  opposite  to  the  sun. 
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It  ifl  evident  that  a  planet  whioih  is  in  oonjnnction  panes  tf&e  me- 
ridian at  or  Yery  near  noon,  and  is  therefcwe  above  the  horison 
daring  the  day,  and  below  it  daring  the  night. 

On  the  other  hand^  a  planet  which  is  in  opposition  passes  the 
meridian  at  or  very  near  midnight^  and  therefore  is  above  the 
horizon  daring  the  nigh^  and  below  it  daring  the  day. 

2574.  Quadrature.  —  A  planet  is  said  to  be  in  qoadratnre  when 
its  elongation  is  90^. 

In  this  position  it  passes  the  meridian  at  abont  six  o'clock  in  the 
morning,  when  it  has  western  qaadratare,  and  six  o'clock  in  the 
evening,  when  it  has  eastern  qaadratare.  It  is,  therefore,  above 
the  horizon  on  the  eastern  side  of  the  firmament  daring  the  latter 
part  of  the  night  in  the  former  case,  and  on  the  western  side  during 
the  first  part  of  the  night  in  the  latter  case.  It  is  a  morning  star 
in  the  one  case,  and  an  eveniiLz  star  in  the  other. 

2575.  Synodic  period, — The  interval  which  elapses  between 
two  similar  elongations  of  a  planet  is  called  the  stnodio  period 
of  the  planet  Thas,  the  interval  between  two  successive  opposi- 
tions, or  two  successive  eastern  or  western  quadratures,  is  the 
synodic  period. 

2576.  Inferior  and  tuperior  conjunction, — A  superior  planet 
can  never  be  in  conjunction  except  when  it  is  placed  on  the  side  of 
the  sun  opposite  to  the  earth,  so  that  a  line  drawn  from  the  earth 
throuffh  the  sun  would,  if  continued  beyond  the  sun,  be  directed  to 
the  planet.  An  inferior  planet  is,  however,  also  in  conjunction 
when  it  crosses  the  line  drawn  from  the  earth  to  the  sun,  between 
the  earth  and  the  sun.  The  former  is  distinguished  as  supxrior 
and  the  latter  as  inpxrior  oonjunction. 

As  inferior  oonjunction  necessarily  supposes  the  planet  to  be 
nearer  to  the  sun  than  the  earth,  and  opposition  supposes  it  to  be 
more  distant^  it  follows  that  inferior  planets  alone  can  be  in  inferior 
oonjunction,  and  superior  planets  alone  in  opposition. 

2577.  delation  bettceen  the  periodic  time  and  tynodic  period*  — 
Since  the  synodic  period  is  the  interval  between  two  similar  posi- 
tions of  the  earth  and  planet,  the  one  must  gain  upon  the  other 
860°  in  such  interval.  To  perceive  this,  let  s,  fg,  783,  be  the  sun, 
p'  the  earth,  and  P  an  inferior  planet  when  in  inferior  conjunction, 
the  common  direction  of  the  motions  of  both  beinr  indicated  by  the 
arrows.  Leaving  this  position,  the  angular  motion  of  the  planet 
round  s  being  the  more  rapid,  it  gains  upon  the  earth  as  the  minate- 
hand  of  a  watch  gains  upon  the  hour-hand ;  and  when,  after  making 
a  complete  revolution,  the  planet  returns  to  the  point  p,  the  earth 
will  have  advanced  from  P^  in  the  direction  of  the  arrow,  so  that 
before  the  next  inferior  oonjunction  can  take  place  the  planet  must 
pass  beyond  p,  and  overtake  the  earth.  Let  p'  be  the  position  of 
the  earth  when  this  takes  place,  the  planet  being  then  at  p.    It  is 
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enidmty  Aisrehre,  that  in  the  interval  between  two  sncceaave  ia- 
fetnot  ooDJunctioDB  the  planet  describes  roand  the  snn  860^,  together 


Fig.  788. 


angle  t>  s  P,  whioh  the  earth  has  described  in  the  same 
If  this  angle,  described  by  the  earth  in  the  sjnodio 


with  the  angle 

interyaL  ^  ^  ^  .  ^^        _ 

period,  be  called  A,  the  angle  described  by  the  planet  in  the  same 
mterval  will  be  360'^  +  a. 

K  P  represent  the  place  of  the  earth,  and  p^  that  of  a  superior 
planet  in  opposition,  the  earth  leaving  p,  and  having  a  more  rapid 
angnlar  motion  round  s,  will  get  be&re  the  planet  as  the  minute- 
hand  getfl  before  the  hour-hand,  and  when  it  returns  to  P  the  planet 
will  have  advanced  in  its  orbit,  so  that  before  another  opposition  can 
take  place  the  earth  must  overtake  it.  If  this  happen  when  the 
planet  is  at  j/,  the  earth  in  the  synodic  period  will  have  made  an 
entire  revolution,  and  have  in  addition  described  the  angle  p  8  P,  or 
A,  which  the  planet  has  described.  Thus,  while  A  expresses  the 
anele  which  tne  superior  planet  describes  in  the  synodic  period, 
360^  +  A  expresses  the  angle  described  by  the  earth  in  the  same 
time. 

If  tf,  as  before,  express  the  daily  synodic  motion  of  the  planet^ 
we  shall  have 

and  consequently 

_  360^  _  1296000 

Thus,  when  the  daily  synodic  motion  is  |pven,  the  synodic  time 
can  be  oompnted,  and  vice  versd. 
ni.  22 
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But  flinoe  6  s  a— •,  6sa,9  — a.  (2&69)»  wxHffdiog  m.  tho  pbnai 
18  inferior  or  superior,  we  shall  have  for  i^n  ioforior  pUnei 
360^      360^      360^ 
T    ""    P  z  * 

and  therefore 

f  '  p      9 

for  an  inferior  j^et,  and 

T    ""    I  p   ' 

and  therefore 

1       1       I 


for  a  superior  planet,  showing  in  each  ease  the  arithmetical  relatioii 

between  t,  p,  and  X. 

2678.  The  ajpparent  moHan^  of  an  inferior  planet.  —  To  deduce 
the  apparent  from  uie  real  motion  of  aa 
inferior  planet,  let  x,  /g,  734,  be  the 
place  of  the  earthy  s  that  of  the  nn, 
andc5(/e  the  orbit  of  the  planet;  the 
direction  of  the  planef  s  motion  being 
shown  by  the  arrows,  the  positions 
If  which  it  assnmes  sncoessivelj  ace  indi- 
yC  cated  at  tf,  of,  e,  a,  c,  6,  ^,  and  V.  Since 
the  earth  moves  round  the  sun  in  the 
same  direction  as  the  plane^  the  sppa^ 
rent  motion  of  the  sun  s  wUl  be  mm 
the  left  to  the  right  of  an  observer 
looking  from  s  at  s ;  and  since  this  mo- 
tion is  always  from  west  to  east^  the 
planet  will  be  west  of  the  sun  when  it 
is  any  where  in  the  semicircle  cdV i!^ 
and  east  of  it  when  it  is  any.  where  in 
the  semicircle  dd  eac. 

The  elongation  (2571)  of  the  planet, 
being  the  angle  formed  by  lines  drawn 

to  the  sun  and  planet  from  the  earth,  wiu  always  be  east  when  the 

planet  is  in  the  semicircle  </  e  c,  and  west  when  in  the  semieirole 

c  fl  c 
The  planet  will  have  its  greatest  elongation  east  when  the  line 

X  e  directed  to  it  from  the  earUi  is  a  tangent  to  its  orbit,  and  in  like 

manner  its  greatest  elongation  west  when  the  line  xei'  is  a  tangent 

to  the  orbit. 
In  these  pontions  the  angle  sex,  or  sei'x,  at  the •  planet ia  90% 


mg.  784. 


XHX  0OU&E  BTHTIM. 

Uie  dodgirtion  md  tlie  ftngle  0 tJB,  olr  ^*x,  act  the 
wQSkj  Ukai  logetiier;  mftke  np  90^. 

It  appears,  therefore^  that  the  greatest  elongatioii  of  an  inferior 
planet  miut  be  less  than  90^. 

If  the  earth  were  stationaiy,  tlie  real  orbital  modon  of  the  planet 
would  pve  It  an  apparent  motion  ahematel j  east  and  west  of  the 
am,  estebdiiM;  to  a  certain  limited  distatoee,  reilemblhig  fiie  oseilkp 
tio«  ef  n  pondnhiBi.  While  Hie  {danet  movte  from  c  to  0,  it  will 
appear  to  dapnt  fipooi  the  sun  eastward;  and  wh«n  il  moves  fnfm  e 
to  ^  ifc  will  appear  to  retom  to  tfie  sob;  the  elongation  in  the 
Ibmer  case  eonslantly  inereasang  tiU  it  attain  its  maximmn  east- 
waid,  and  in  the  latter  eonstlmdy  dect^sasittg  till  it  beeone  nothinfg. 
It  is  to  he  obserredy  hcnrever,  that  the  torbital  nttif'e  being  greater 
than  «  c^  the  tune  ef  attaining  the  greatest  eastern  elon^tion  after 
aa|ieriGfr  ooii|nnetion  is  greater  than  ^be  time  ef  Tetonung  to  Ite 
inn  from  the  greatest  elongation  to  in^rior  ooDJnnotion. 

After  inferior  oonjonetion,  while  the  pliinet  passes  frotai « to  «^; 
its  ^loBgation  constantly  increases  from  noUiing  at  c  to  its  maxi- 
mnm  west  at  ^ ;  and  when  the  planet  moves  mm  ^  to  </,  it  a^alua 
decreases  until  it  becomes  nothing  at  superior  eon|niiction.  8moe 
the  orbital  arcs,  c^ and  €^  (/,  are  respecti^y  eqnal  to  ee  and  </ s,  it 
fellows,  that  the  interval  fh>m  inferior  conjonction  to  tiie  greatest 
elongation  west,  is  eqnal  to  the  interval  from  ihe  greatest  ekmgatioh 
east  to  inferior  ooigaDction.  In  like  manner,  the  interval  from 
superior  conjunction  to  the  greatest  elongation  east,  is  equal  to  l^e 
interval  from  the  greatest  ebngation  west  to  superior  oonjnnction. 

The  oacilhtion  of  the  {danet  alternately  east  and  west  is  there- 
fore made  through  the  same  anrie  —  that  is,  the  angle  sxe^,  in- 
duded  by  tangents  drawn  to  the  j^net's  orbit  from  the  earth ;  but 
the  apparent  motion  from  the  greatest  elongation  west  to  the  greatest 
elongation  east  is  slower  than  the  apparent  motion  from  the  greatest 
doDgMaon  east  to  the  greatest  elongation  west,  in  the  ratio  of  the 
length  of  the  orbitual  arcs  ed  ^  toec^. 

The  planet  being  indoded  within  the  orbit  of  the  earth,  the  or^ 
Utal  motion  of  the  earth  will  give  it  an  apparent  motion  in  the 
ecliptic  in  the  same  direction  as  the  apparent  motion  of  die  sun ; 
but  since  the  apparent  motion  of  a  visible  object  increases  as  its 
distance  decreases,  and  vice  vend,  and  since  the  planet  being  at  a 
oensiderable  distance  iVom  the  centre  of  the  earth's  orbit,  the  dis- 
lanes  of  Ute  earth  from  it  is  subject  to  variation,  the  apparent 
motion  imparted  to  the  planet  by  the  earth^s  orbital  motion  will  be 
subject  to  a  proportionate  variation,  being  greatest  when  the  planet 
is  in  inferior  conjunction,  and  least  when  in  Buperior  conjunction. 

The  apparent  motion  of  the  planet^  as  it  is  projected  upon  the 
firmament  by  the  visual  ray,  arises  from  the  combined  effect  of  its 
oM  ccbtlfel  motion  Snd  that  of  the  earth.    Now  it  is  evident  from 
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what  has  been  juet  expluned,  that  the  eftct  of  tlie  plaael^a  dim 
motion  is  to  give  it  an  apparent  motion  from  west  to  east  while 
passing  from  its  greatest  elongation  west  through  superior  oonjuno- 
tion  to  its  greatest  elongation  east,  and  a  contrary  appaient  motion 
from  east  to  west  while  passing  from  its  greatest  elongation  east  to 
its  greatest  elongation  west  through  inferior  conjunction. 

But  since,  in  all  positions,  the  effect  of  the  orlntal  motion  of  the 
earth  is  to  sive  the  planet  an  apparent  motion  directed  from  west 
to  east,  both  causes  combine  to  impart  to  it  this  apparent  motion 
while  passing  fiH>m  its  western  to  its  eastern  elongatioD  through 
superior  conjunction.  On  the  other  hand,  the  eflfeot  of  the  orbital 
motion  of  the  planet  being  an  apparent  motion  from  east  to  west  in 
passing  from  its  eastern  to  its  western  elongation  through  inferior 
oonjunction,  while,  on  the  contrary,  the  earth's  motion  imparts  to  it 
an  apparent  motion  from  west  to  east,  the  actual  apparent  motion 
of  the  planet,  resulting  from  the  difierence  of  these  effects,  will  be 
westward  or  eastward  according  as  the  efiect  of  the  one  or  the 
other  predominates,  and  the  planet  will  be  stationary  when  these 
<qpposite  effects  are  equal. 

In  leaving  the  greatest  eastern  elongation  the  efiect  of  the  earth's 
motion  predominates,  and  the  apparent  motion  of  the  planet  con- 
tinues to  be,  as  before,  eastward.  As,  in  approaching  inferior  con- 
junction, the  direction  of  the  planet's  motion  becomes  more  and 
more  transrerse  to  the  visual  line,  and  the  distance  of  the  planet 
decreases,  the  effect  of  the  planet's  motion  increasing  becomes,  at 
length,  equal  to  the  effect  of  the  earth's  motion,  and  the  planet 
then  becomes  stationary.  This  takes  place  at  a  certain  elongation 
east.  After  this,  the  effect  of  the  planet's  motion  predominadng, 
the  apparent  motion  becomes  westward,  and  this  westward  motion 
continues  through  inferior  conjunction,  until  the  planot  acquires  a 
certain  elongation  west,  equal  to  that  at  which  it  became  previously 
stationary.  Here  the  effects  becoming  again  equal,  the  planet  ia 
again  stationary,  after  which,  the  effect  of  the  earth's  motion  pre- 
dominating, the  apparent  motion  becomes  eastward,  and  continues 
so  to  the  greatest  elongation  west,  after  which,  as  before,  both  causes 
combine  in  rendeiing  it  eastward. 

2579.  Direct  and  retrograde  motion.  —  When  a  planet  i^pean 
to  move  in  the  direction  in  which  the  sun  appears  to  move,  its  ap* 
parent  motion  is  said  to  be  dibegt  ;  and  when  it  appears  to  move 
in  the  contrary  direction,  it  is  said  to  be  retbograj>x. 

From  what  has  been  explained  above,  it  appears  that  the  appa- 
rent motion  of  an  inferior  planet  is  always  direct,  except  within  a 
certain  elongation  east  and  west  of  inferior  conjuncticm,  when  it  is 
retrograde. 

The  extent  of  this  arc  of  retrogression  depends  on  the  relative 
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tMkMf  and  oonnqutot  lelatiTe  otbitid  VelodtieS;  of  tik6  etrth  and 
pbinei 

2580.  Apparent  mtaim  at  profeeled  on  Ae  ecliptic. — From 
irhat  hta  bten  her«  ezpUoDed^  the  apparent  motioti  of  the  planet  on 
Ike  froMMnt  irfil  te  earilj  nndeMood.    Let  ABXf  k^/^.  785| 


iig.raft. 

Kpresent  ihe  ediptio  in  which  the  planet  is  at  present  supposed  to 
move.  While  passing  from  its  western  to  its  eastern  elongation  it 
appears  to  move  in  the  same  direction  as  the  sua,  from  a  towards 
B.  As  it  approaches  B,  its  apparent  motion  eastwud  becomes  gniF 
cloallj  slower  until  it  stops  altogether  at  B,  and  becomes,  for  a  short 
ioterral,  stationary ;  it  then  moves  westward,  retnniing  upon  its 
coarse  to  o,  where  it  again  becomes  stationary ;  after  which  it  again 
laoves  eastward,  and  continues  to  move  in  that  direction  till  it  arrives 
at  a  certain  point  D,  where  it  again  becomes  stationary ;  and  Uien^ 
ntoming  upon  its  course,  it  again  moves  westward  to  B,  wher6  it 
•gain  becomes  stationary ;  after  which  it  again  changes  its  dIrectioD 
and  moves  eastward  to  v,  where,  after  being  stationary,  it  turns 
westward,  and  so  on. 

The  middle  points  of  the  arcs  bo,  de,  fg,  &c.,  of  retrogression 
are  those  at  which  the  planet  is  in  inferior  conjunction ;  and  the 
middle  points  of  the  arcs  o  i>,  x  r,  o  h,  &c.,  of  prctgresaion  are  thois 
at  which  the  planet  is  in  superior  conjunction. 

22* 
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2681.  Origin  of  the  term  ^^pianet.'* — These  oomplicated  and 
apparently  irreealar  movements^  by  which  the  planets  are  distin- 
guished from  aU  other  celestial  objects,  suggested  to  the  aneients, 
whose  knowledge  of  astronomy  was  too  imp^ect  to  enable  them  to 
trace  such  motions  to  fixed  and  reffolar  laws,  the  name  pluiet^  from 
the  Greek  word  ycxan^  (planetes^  wanderer. 

2682.  Apparent  motion  of  a  tuperior  planet — To  deduce  the 
apparent  motion  of  a  superior  planet  from  the  real  orbital  motions 
of  the  earth  and  the  planet,  let  B^Jig.  786,  be  the  place  of  tibe  son, 


Fig.  786. 

p  that  of  the  planet,  and  EJsf^"^'  the  orbit  of  the  earth  included 
within  that  of  the  planet,  the  direction  of  the  motions  of  the  earth 
and  planet  being  indicated  by  the  arrows. 

When  the  earth  is  at  b''',  the  sun  s  and  planet  p  are  in  the  same 
visual  line,  and  the  planet  is  consequently  in  conjunction.  When 
the  earth  moves  to  e',  the  elongation  of  the  planet  west  of  the  sun 
is  8  e'  p.  This  elongation  increasing  as  the  earth  moves  in  its  orbit, 
becomes  90^  at  e',  when  the  visual  direction  e'  p  of  the  planet  is  a 
tangent  to  the  earth's  orbit,  and  the  planet  is  then  in  its  western 
quadrature. 

While  the  earth  continues  its  orbital  motion  to  e^",  the  elongation 
west  of  the  sun  continues  to  increase,  and  at  length,  when  the  earth 
comes  to  the  position  e,  it  becomes  180^,  and  the  planet  is  in  oppo- 
sition. 

After  passing  e,  when  the  earth  moves  towards  e^%  the  elongation 
of  the  planet  is  east  of  the  sun,  and  is  less  than  180^,  but  greater 
than  90^.  As  the  earth  continues  to  advance  in  its  orbit,  the  elon- 
gation decreasing,  becomes  90^  when  at  e";  the  visual  direction  of 
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the  j^iaaet  m  a  tangent  to  the  earth's  orUi  The  planet  is  then  in 
its  eastern  qoadxatnre. 

As  the  earth  moves  firom  if'  to  if'\  the  elongation,  being  atili 
east,  oonatantiy  decreases  until  it  beoomes  nothing  at  i^'',  where  the 
planet  is  in  eonjnnotion. 

2583.  Direct  and  retrograde  motion. — If  the  planet  were  im- 
moveable^  the  effact  of  the  earth's  motion  would  be  to  give  it  an 
oBoUatory  motiioii  alternately  eaatwazd  and  weatward  through  the 
ugle  Bf  p  e"',  whieh  the  earth's  orUt  subtends  at  the  phmet  While 
the  earth  moves  from  t!'  through  i^'  to  l^^  the  planet  would  appear 
to  move  eastward  through  the  angle  nl  p  e'',  and  while  the  earth 
mofes  from  si'  through  e  to  t!\  it  would  appear  to  move  westward 
through  the  same  angle. 

Thus  the  eflect  of  the  earth's  motion  alone  is  to  make  the  planet 
appear  to  move  from  east  to  west  and  from  west  to  east  alternately 
through  a  certain  arc  of  the  ecliptic,  the  length  of  which  will  de- 
pend on  the  relation  between  the  distances  of  the  earth  and  planet 
from  the  sun,  the  arc  being  in  &ct  measured  by  the  angle  which 
the  earth's  orbit  subtends  at  the  planet^  and,  consequently,  this 
angle  of  apparent  oscillation  will  decrease  in  the  same  ratio  as  the 
distance  of  the  planet  increases. 

The  times  in  which  the  two  oscillations  eastward  and  westward 
would  be  made  are  not  equal ;  the  time  from  the  western  to  the 
(utem  quadrature  beiuff  less  than  the  time  from  the  eastern  to  the 
western  quadrature  in  £e  ratio  of  the  orbital  arc  b^es^'  to  the  are 

It  is  evident  that  the  more  distant  the  planet  p  is  the  less  unequal 
these  arcs,  and,  consequently,  the  less  unequal  the  intervals  between 
qoidratnre  and  quadrature  will  be. 

Bat,  meanwhile,  the  earth  being  included  within  the  orbit  of  the 
planet,  the  effect  of  the  planet's  orbital  motion  will  be  to  give  it  an 
tpparent  motion  in  the  ecliptic  always  in  the  same  direction  in  which 
the  ran  would  move  when  in  the  same  place,  and  therefore  always 
^ftBtward  or  direct. 

This  apparent  motion,  though  always  direct,  is  not  uniform,  since 
it  increases  in  the  same  ratio  as  the  distance  of  the  earth  frt>m  the 
planet  decreases,  and  i>ice  ver$d.  This  apparent  motion  thus  due  to 
the  planet's  own  orbital  motion  is,  therefore,  greater  from*westem 
to  eastern  quadrature  than  from  eastern  to  western  quadrature. 

From  eastern  to  western  quadrature,  through  conjunction,  the 
apparent  motion  of  the  planet  is  direct,  because  both  its  own  orbital 
tttotion  and  that  of  the  earth  combine  to  render  it  so.  From  western 
<)Qadratnre,  as  the  planet  approaches  oppontion,  the  effect  of  the 
^^'s  motion  is  to  render  the  planet  retrograde,  while  the  effect  of 
Its  own  motion  is  to  render  it  direct  On  leaving  quadrature  the 
wer  effect  predominates,  and  the  apparent  motion  is  direct;  but  at 
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m  oertain  eioBgatioiiy  befoM  uriTing  at  oppontiOD,  ihe  eflbol  of  A* 
earth's  motion  increaaing  becomes  equal  to  tluit  ci  th«  planet^  and, 
neutndisiiiff  it,  tenden  tae  planet  stationaiy ;  alter  which,  the  eSsct 
of  the  ear&'fl  motion  predoiinatfag,  the  planet  beoomea  fetn^grade, 
and  continues  so  until  it  acquires  an  equal  dongation  eaat,  wnea  it 
again  becomea  stationary^  and  ia  aftenraida  direoti  and  eontinuea  ao. 
2584.  Appartnt  moUon  profected  o»  the  edioiie. — ^Let  A^  /iff.  787, 
represent  the  pbee  of  a  anperior  plaoot  when  moling  i^ni  ita 
western  quadrature  towarda  eonjuaodoni  its  appsfent  motion  being 


then  direct  Let  b  be  the  point  where  it  beoomei  itationaiy  after 
Its  eastern  qnadratnrej  its  apparent  motion  then  beooBsing  relro- 
givde,  it  appears  to  retttm  upon  ita  course  and  moiree  westward  to  c, 
when  it  ^S^in  becomes  atationaiy ;  after  which  it  again  retoroa  oti 
ita  course  and  moTes  direct  or  eastwardi  and  continues  so  untH  it  a<r- 
rives  at  a  certain  point  v  after  its  western  quadrature,  when  it  againi 
becomes  atatioDOTy,  and  tiien  sgaia  retrogTMieSi  moving  through  the 
are  Bx,  which  will  be  equal  to  bo;  aflter  which  it  will  again  beoomo 
direeti  and  so  on. 

The  placea  cf  the  planet's  opposition  are  the  middle  pointa  e(  thef 
aiea  of  retrogression  bo,  Bx,  r G^  &o. ;  and  the  places  of  conjunc- 
tioii  are  the  middle  points  of  the  aroa  c^  pregression  e  B,  B  V,  oil,  Ac 

It  ia  evident^  tbereln«,  thai  the  apparent  moiioa  cf  »  superior 
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phaet  projeoted  on  the  eeliptio  isy  in  all  respeets,  nmilflor  to  that  of 
in  inferior  planet;  the  difierenoe  being,  that  in  the  latter  the  middle 
point  of  the  are  of  retrogression  corresponds  to  inferior  oonjunctioni 
while  in  the  former  it  corresponds  to  opposition. 

It  will  be  apparent  from  what  has  been  explained,  that  the  ansle 
which  the  earth  gains  npon  the  phinet  in  the  interval  between  its 
western  and  eastern  qnadmtnres  is  the  angle  which  the  earth's  orbit 
subtends  at  the  planet,  or  twice  the  annnu  paraUaz  (2442)  of  the 

2585.  Ckmditioni  under  which  a  planet  u  vinble  in  the  ah§enee 
of  the  nm. — It  ia  evident  that  to  be  visible  in  the  absence  of  the 
son  a  celestial  object  mnst  be  so  far  elongated  from  that  luminary 
tt  to  be  above  the  horizon  before  the  commencement  of  the  morning 
twilight  or  after  the  end  of  the  evening  twilight  One  or  two  of 
the  phmetB  have,  nevertheless,  an  apparent  magnitude  so  consider- 
>b]e,  and  a  Instre  ao  intense,  that  thej  are  sometimes  seen  with  the 
>^*^  eye,  even  before  sonset  or  after  sunrise,  and  may,  in  some 
cues,  be  seen  with  a  telescope  when  the  sun  has  a  considerable  alti- 
tude. In  general,  however,  to  be  visible  without  a  telescope,  a 
planet  mnst  haye  an  elongi^on  greater  than  80''  to  86''. 

2586.  Evening  and  morning  $tar.  —  Since  the  inferior  planets 
on  never  attain  so  great  an  elongation  as  90'',  they  must  always 
puB  the  meridian  at  an  interval  considerably  less  than  six  hours 
before  or  after  the  sun.  If  they  have  eastern  elongation  they  pass 
^  meridian  in  the  afternoon,  and  are  visible  above  the  horison  after 
"Qiuet,  and  are  then  called  xysning  stars.  If  they  have  western 
^Dgplion  they  pass  the  meridian  in  the  forenoon,  and  are  visible 
above  the  eastern  horison  before  sunrise,  and  are  then  called  morn- 

IKQ  STABS. 

2587.  Appearance  of  miperior  planett  at  variout  ehngationt. — 
A  snperior  planet,  having  every  degree  of  elongation  east  and  west 
of  the  sun  from  0^  to  ISO",  passes  the  meridian  during  its  synodic 
period  at  all  hours  of  the  day  and  night.  Between  conjunction  and 
^^ttdtitue,  its  elongation  east  or  west  of  the  sun  being  less  than  90", 
i^  passes  the  meridian  earlier  than  six  o'clock  in  the  dtemoon  in  the 
former  case,  and  later  than  six  o'clock  in  the  forenoon  in  the  latter 
<^^;  being,  like  an  inferior  pUnet,  an  evening  star  in  the  former 
and  a  morning  star  in  the  latter  case. 

At  eastern  quadrature  it  passes  the  meridian  at  six  in  the  evening, 
^  at  western  quadrature  at  six  in  the  mcnrning;  appearing  still  as  an 
evening  star  in  the  former  and  as  a  morning  star  in  the  ktter  case. 

Between  the  eastern  quadrature  and  opposition,  the  elongation 
^Qg  more  than  90"  east  of  the  sun,  the  planet  must  pass  the  meri- 
j^  between  six  o'clock  in  the  evening  and  midnight^  and  is  thero- 
<ore  Tiaible  from  sunset  until  some  hours  before  sunrise.  Between 
weitem  quadrature  and  oppoeitioni  the  elonpition  being  more  than 
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M*  wert  of  ibe  mm,  Ibe  planet  most  mn  the  mci^&m  it  some  fime 
l^eiween  midnight  and  six  o'ekx^  in  the  morning,  and  it  ie  therefore 
viable  from  some  hoars  after  snnset  until  annrise. 

At  oppodtion  the  planet  passes  the  meridian  at  midnight,  and  is 
liierefore  Tisible  from  smiset  to  sunrise. 

2568.  To  find  the  periodic  time  of  Ae  jpianet. — Hiere  are 
eevend  solutions  of  tiiis  ptoblem,  wbieh  nve  resnltB  halving  ififfisrent 
decrees  of  approximttion  to  Ae  exact  vuae  of  the  qumtilj  sooght 

2589.  P.  Bjf  mean$  of  the  iynodic  period.  —  If  the  sjnodie 
(Mfiod  T  be  ttcertmed  bj  obmrationi  ire  shidl  hxre  tor  an  inferior 
planet  (2577); 

111 


and  eonaoqaeatly 

111 

7  "*  T  +  7' 

Mud  Ibr  m  superior  planet 

T  E  P' 

and  therefore 

111 


In  eaeh  ease,  therefore,  F  may  be  fomnd,  s  and  t  bebg  known. 

This  mediod  giv«s  a  eertain  a^^ximation  to  the  Tslne  of  &e 
period;  but  the  synodic  tine  not  bmng  capable  of  very  exact  appre* 
oiatioB  by  obse^vatiotty  the  method  does  not  supply  exttemely  aixii- 
rate  results. 

2590.  2^  By  olmerffin^  the  transit  throuffh  the  nodeg.-^Th^ 
periodie  line  may  also  be  determined  by  observing  the  interval  b^ 
tween  two  soeoessive  passages  of  the  phmet  throu^  the  plane  of  the 
ecliptic. 

It  has  been  already  stated  that>  although  the  planets  move  nearly 
in  the  plane  of  the  eelipCio,  they  do  not  eaoMly  do  so.  Their  patlis 
are  inclined  at  very  small  angles  to  the  eeliptie,  and  they  tense- 
qnently  must  pass  fron  one  nde  to  the  other  of  the  plane  of  the 
earth's  orbit  twice  in  each  revolution.  If  the  moments  of  thus 
passing  through  the  plane  of  the  earth's  orint  on  the  same  idde  of 
the  sun  be  obwrved  twice  in  immediate  succession,  the  btervai  will 
be  the  periodic  time. 

Owing  to  the  very  small  inclination  of  the  orbits  in  general,  it  is 
impossible  to  ascertain  with  great  precision  the  time  of  the  centre 
of  the  planet  passing  through  the  ecliptic,  and  therefore  this  method 
is  onW  approximation. 

U91.  I''.  JB^  comparing  oppatMimi  or  i»»fimefi&n$  A«trd^  Ike 
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mmMJienal  pirn— ThA  tsnoHa  iimm  ol  •  piyet  biigg  iiprgM 
Qttidlj  fbond  %  eitiier  of  the  pxeoediag  methoda^  it  may  ba  raadeiad 
aore  exwt  b;  the  foUoimg. 

Wliaa  »  phuiet  i&in  MipenoK  ooDJiHUilaoD  OB  ID  o^pofli^ 
in  the  finnamaDt  k  the  aMne^.  iihether  mawed  from  the  earth  or 
itfm  tha  ana..  NoW|  if  two  t^podtioaa  or  conjonotiona  separated 
bj  along  iatervil  of  time  be  foundi  at  which  the  apparent  plaoe  of 
the  pluiat  in  the  fianamcat  ia  the  aame,  it  may  be  infinmd  that  a 
complete  nnmber  of  rerolntioBa  most  have  taken  plaoe  in  tiie  inter- 
val. Now  the  periodio  time  bein^  fooad  appiozimatdy  by  either 
of  the  methods  abead  v  ezplained,  it  will  be  easy  to  find  by  it  how 
mukj  sevdntionft  of  the  phiBet  mnst  have  taken  ^aoe  between  the 


two  distant  oppodtaons.  If  the  periodic  time  were  known  with  pre- 
eiaoDy  it  would  divide  the  interval  inqneation  without  a  remawder; 
bnt  being  only  approzimatey  it  dividaa  it  with  a  remainder.  Now 
tbe  DeaseatmnltipWof  the  ai^rozimate  period  to  the  interval  be- 
tireen  the  two  oppoaitiotts  will  be  that  multiple  of  the  troe  period 
whieh  is  ezacUy  equal  to  the  intervaL  The  diviaion  of  the  interval 
by  the  number  thus  deteanined  will  give  the  mora  exact  value  of 
the  period. 

2592.  4^  B^  the  daify  angular  moAMWi.— The  daily  angdkw 
nooentiio  motion  may  be  obeearved)  and  the  heliooentrio  motion 
tteooe  computed.  If  the  mean  heliooentrio  daily  motion  o^'  can  be 
obteined  by  means  of  a  sufficient  number  of  obs^vatdons;,  the  period 
will  be  given  by  the  formula  (2568)9 

1296000 
P  =  — T. 


3.  To  find  iht  dtstancet  of  the  j)ianet8  from  the  $un.  —  One 
of  the  moat  obvious  methods  of  solving  this  problem  is  by  observing 
the  elongation  of  the  pknet,  and  computiDg,  as  always  may  be  donci 
the  ao|^  at  the  sun.  Two  angles  of  the  triangle  formed  by  the 
earth,  sun,  and  planet,  will  thus  be  known,  and  a  triangle  may  be 
<invn  of  which  Uie  rides  will  be  in  the  same  proportion  as  those  of 
the  triangle  in  question.  The  ratio  of  the  earth's  distance  from  Uie 
no  to  the  planet's  distance  from  the  sun  will  thus  become  known 
(2296) ;  and  as  the  earth's  distance  has  been  already  ascertained, 
the  planet's  distance  may  be  immediately  computed. 

Other  methods  of  determining  the  distances  will  be  explained 
Hereafter. 

25944  Phases  of  a  planet. — ^While  a  planet  revolves,  that  hemi- 
sphere, which  is  presented  to  the  sun  is  illuminated,  and  the  other 
^k.  But  since  the  same  hemisphere  is  not  presented  generally  to 
the  earth,  it  follows  that  the  visible  hemisphere  of  the  planet  will 
eooast  of  a  part  of  the  dark  and  a  part  of  the  enlightened  hemi- 
^here,  and,  consequently,  the  planet  will  ^hibit  phasbSi  the  variof 
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ties  and  limits  of  which  will  depend  npon  the  relative  direotiona  of 
the  lines  drawn  from  the  earth  and  snn  to  the  planet.    It  ia  evident 
that  the  section  of  the  planet  at  right  angles  to  a  line  drawn  firom. 
the  sun  to  its  centre  is  the  hase  of  its  enlightened  hemisphere,  while 
the  section  at  right  angles  to  a  line  drawn, 
firom  the  earth  to  its  centre,  is  the  base  of 
^gk  ^  its  vinble  hemisphere.    The  less  the  angle 

*^w  v/*»  included  between  these  lines  is,  the  greater 

1^  ^x*  ^1  be  the  portion  of  the  risible  hemisphere 

>v  which  is  enlightened. 

X^  Let  p,  Jig,  788,  be  the  centre  of  the 

N.         planet,  p  s  the  direction  of  a  line  drawn  to 
^8    the  sun,  and  f>s  that  of  one  drawn  to  the 
;  earth;  IF  will  then  be  the  base  of  the  en- 

B  lightened,  and  vt/  the  base  of  the  visible 

hemisphere  of  the  planet     The  point  ni' 
Fig.  788.  will  be  the  centre  of  the  former,  and  m  of 

the  latter.  The  visible  hemisphere  will 
then  be  enlightened  over  the  space  t/m'ml,  the  part  v  I  being  dark. 
This  dark  part  will  be  measured  by  the  arc  t;  Z,  which  is  evidently 
equal  to  mm',  and  therefore  measured  by  the  angle  formed  by  the 
lines  t>8  and  j9B  drawn  firom  the  planet  in  the  directions  of  the  sun 
and  the  earth. 


/ 


m 


t 


Fig.  780. 


Fig.  740. 


Fig.  741 


When  this  angle  Bpn  is  less  than  90^,  as  in^S^r.  738,  the  breadth 
of  the  enlightened  part  t/  m'  m  Z  of  the  visible  hemisphere  is  greater 
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gxbbonS;  as  ihe  moon  does  whoa 


Qm  90^  and  the  planet  ap] 
between  opposition  and  quadratures. 

When  the  angle  bj9B  is  ffreater  than  90°,  as  in  Jig,  739,  the 
breadth  t/  /  of  the  enlightened  part  of  the  visible  hemisphere  is  less 
than  90%  and  the  planet  appears  as  a  orescent,  like  the  moon  be- 
tween conjunction  and  quadrature. 

When  the  angle  Bps  =  0,  which  happens  when  the  earth  is 
between  the  snn  and  planet,  as  in  Jig,  740,  the  centre  m'  of  the 
enlightened  hemisphere  is  presented  to  the  earth,  and  the  planet 
appears  with  a  full  phase,  as  the  moon  does  in  opposition.  This 
always  happens  when  the  planet  is  in  opposition. 

When  the  angle  sps  becomes  =  180%  as  in^.  741,  the  centre 
«  of  the  dark  hembphere  is  presented  to  the  earth,  and  therefore 
the  entire  hemisphere  turned  in  that  direction  is  dark.  This  takes 
place  when  the  planet  is  between  the  earth  and  sun,  which  can  only 
happen  when  an  inferior  plaoet  is  in  inferior  conjunction. 

2595.  Phcues  of  an  inferior  planet.  —  It  will  be  evident  from 
inspeeting  the  diagram,  fig,  734,  representing  the  relative  positions 
of  an  mferior  planet  with  respect  to  the  sun  and  earth,  that  the  angle 
formed  by  lines  drawn  from  the  planet  to  the  sun  and  earth  passes 
through  idl  magnitudes  from  0°  to  180°,  and  consequently  such  a 
planet  exhibits  every  variety  of  phase.  Passing  from  c  towards  e^, 
the  angle  a&  s  gradually  decreases  from  180°  to  90°,  and  therefore 
the  phase,  at  £st  a  thin  crescent,  increases  in  breadth  until  it  is 
halved  like  the  moon  in  quadrature.  From  e^  to  (f  the  angle  sI/e 
gradaally  decreases  from  90°  to  0°,  and  the  pbnet  beginning  by 
Being  gibbous,  the  breadth  of  the  enlightened  part  gradually  in- 
creases until  it  becomes  full  at  </,     From  c'  to  e,  and  thence  to  e^ 

these  phases  are  reproduced  for  like 
reasons  in  the  opposite  order. 

2596.  Phages  of  a  superior  planet. 
—  It  will  be  evident  on  inspecting 
Jig,  742,  that  in  all  positions  what- 
ever of  a  superior  planet,  the  lines 
drawn  from  it  to  the  earth  are  in- 
clined at  an  angle  leas  than  90° ;  and 
this  angle  is  so  much  the  smaller  the 
greater  the  orbit  of  the  planet  is 
comparatively  with  that  of  the  earth. 
The  angle  a  a  £  being  nothing  at  o 
increases  until  the  planet  is  in  qua- 
drature at  ^,  where  it  is  greatest; 
and  then  the  breadth  of  the  enlight- 
ened part  is  least,  and  is  equal  to 
the  difference  between  the  angle  s  ^s  and  18Q°.  From  ^'  to  c  the 
angle  a5^s  decreases,  and  becomes  nothing  at  c.  The  phinet  is 
m.  23 


Fig.  742. 
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therefore  full  at  opposition  and  conjunction,  and  is  most  gibbous  at 
quadrature. 

It  will  appear  hereafter  that,  with  one  exception,  all  the  superior 
planets  are  at  distances  from  the  sun  so  much  greater  than  that  of 
the  earth,  that  even  at  quadrature  the  angle  t  ^  E  is  so  small,  that 
the  departure  of  the  phase  from  fulness  is  not  sensible. 

2587.  The  planet*  are  mhjeci  to  central  attraction,  —  If  a  body 
in  motion  be  not  subject  to  the  attraction  of  any  external  force,  it 
must  move  in  a  straight  line.  If,  therefore,  it  be  observed  to  move 
in  any  curvilinear  path,  it  may  be  inferred  that  it  is  acted  upon  by 
some  force  or  forces  exterior  to  it,  which  constantly  deflect  it  from 
the  straight  course  which,  in  virtue  of  its  inertia,  it  must  follow  if 
left  to  itself  (220).  This  force  must,  moreover,  be  incessant  in  its 
operation,  since,  if  its  action  were  suspended  for  a  moment,  the  body 
during  such  suspension  would  move  in  the  direction  of  the  straight 
line,  which  would  be  a  tangent  to  the  curve  at  the  point  where  the 
action  of  the  force  was  suspended. 

Now,  since  the  orbits  of  the  planets,  including  the  earth,  are  all 
curved,  it  follows  that  they  are  all  under  the  incessant  operation  of 
some  force  or  forces,  and  it  becomes  an  important  problem  to  de- 
termine what  is  the  direction  of  these  forces,  whether  they  are  one 
or  several,  and,  in  fine,  whether  they  are  of  invariable  intensity,  or, 
if  variable,  what  is  the  law  and  conditions  of  their  variation. 

2598.  What  is  the  centre  to  which  this  attraction  is  directed  f  — 
We  are  aided  in  this  inquiry  by  a  principle  of  the  highest  generality 
and  the  greatest  simplicity,  established  by  Newton,  the  demonstration 
of  which  forms  the  subject  of  the  first  two  propositions  of  his  cele- 
brated work,  entitled  "  Principia." 

2599.  General  principle  of  the  centre  of  equal  areas  demons 
strated.  —  If  from  any  point  taken  as  fixed,  a  straight  line  be  drawn 
to  a  body  which  moves  in  a  curvilinear  path,  such  line  is  called  the 
radius  vector  of  the  moving  body  with  relation  to  that  point  as  a 
centre  of  motion.  As  the  body  moves  along  its  curvilinear  path, 
the  radius  vector  sweeps  over  a  certain  superficial  area,  greater  or 
less,  according  to  the  velocity  and  direction  of  the  motion  and  the 
length  of  the  radius  vector.  This  superficial  space  is  called  the 
"area  described  by  the  radius  vector,"  or,  sometimes,  the  '^area 
described  by  the  moving  body." 

Thus,  for  example,  if  c,^y.  743,  be  the  point  taken  as  the  centre 
of  motion,  and  bb''  be  a  part  of  the  path  of  the  moving  body,  CB 
and  c  b'  will  be  two  positions  of  the  "  radius  vector,'^  and  in  passing 
from  one  of  these  positions  to  the  other,  it  will  sweep  over  or  "  de- 
scribe "  the  superficial  space  or  "  area "  included  between  the  lines 
OB  and  ob',  and  the  body  is  said  shortly  to  "describe  this  area 
round  the  point  c  as  a  centre." 

Now,  according  to  the  principle  established  by  Newton,  it  ^p- 
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pears  that  wbenever  a  body  moves  in  a  cnrvili- 
near  orbit,  under  the  attraction  of  a  force  di- 
rected to  a  fixed  centre^  such  a  body  will 
describe  round  such  centre  equal  areas  in 
equal  times ;  and  it  is  proved  also  conversely, 
that  if  a  point  can  be  found  within  the  curvili- 
near orbit  of  a  revolving  body,  round  which 
such  body  describes  equal  areas  in  equal  timcs^ 
such  body  is  in  that  case  subject  to  the  action 
of  a  single  force,  always  directed  towards  that 
point  as  a  centre.  It  follows,  in  short,  that 
"the  centre  of  equable  areas  is  the  centre  of 
/orce,  and  that  the  centre  of  force  is  the  centre 
of  equable  areas.** 

As  this  is  a  principle  of  high  generality  and 
capital  importance,  and  admits  of  demonstration 
by  the  most  elementary  principles  of  mechanics 
and  geometry,  it  may  be  proper  to  explain  it 
here. 

If  a  body  B  move  independently  of  the  action 
of  any  force  upon  it,  its  motion  must  be  in  a 
straight  line,  and  must  be  uniform.  It  must, 
therefore,  move  over  equal  spaces  per  second. 
Let  its  velocity  be  such^  that  in  the  first  second 
it  would  move  from  b  to  b'.  In  the  next 
ffecond;  if  no  force  acted  upon  it,  it  would  move  through  the  equal 
space  b'  b'  in  the  same  direction.  But  if  at  b'  it  receive  from  a 
force  directed  to  0,  an  impulse  which  in  a  second  would  carry  it 
from  b'  to  c',  it  will  then  be  affected  by  two  motions,  one  repre- 
sented by  b'  I/,  and  the  other  by  b'  </,  and  it  will  move  in  the  dia- 
gonal b'b''  of  the  parallelogram,  and  at  the  end  of  the  second  second 
wiU  be  at  ^'. 

Now,  in  the  first  second,  the  radius  vector  described  the  area 
B  c  b',  and  in  the  next  second  it  described  the  area  b'  o  b".  It  is 
easy  to  show  that  these  areas  are  equal.  For  since  B  b'  =  b^  ^,  the 
areas  bob'  and  "Bf  ol/  Are  equal ;  and  since  V b"  is  parallel  to  b'o, 
the  areas  b'c^  and  b'ob''  are.  equal  by  the  well-known  property 
of  triangles.  Therefore  the  areas  B  c  b'  and  b'  0  b'',  described  by 
the  radius  vector  in  the  first  and  second  seconds,  are  equal. 

If  the  body  received  no  impulse  from  the  central  force  at  b",  it 
would  move  over  b"&''=  b'b"  in  the  third  second,  but  receiving 
from  the  central  force  another  impulse  snfiicient  to  carry  it  from  :Br 
to  </',  it  again  moves  over  the  diagonal  b''  b'"  of  the  next  parallelo- 
gram, and  at  the  end  of  the  third  second  is  found  at  b'".  It  is 
ftbown  in  the  same  manner  that  the  area  of  the  triangle  b"  0  b'"  is 
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equal  to  b'gb"  and  to  bob';  bo  that  in  every  saccccding  second 
the  radius  vector  describes  round  O  an  equal  area. 

In  tbis  case  it  bas  been  supposed  tbat  tbe  force,  instead  of  acting 
continuously,  acts  by  a  succession  of  impulses  at  tbe  end  of  eacb 
second,  and  tbe  body  describes,  not  a  curve,  but  a  polygon.  If  the 
succession  of  impulses  were  by  tentbs,  hundredths,  or  thousandths, 
or  any  smaller  fraction  of  a  second,  the  areas  would  still  be  in  the 
ratio  of  the  times,  but  the  polygon  would  have  more  numerous  and 
smaller  sides.  In  fine,  if  the  intervals  of  the  action  of  the  force 
be  infinitely  small,  the  sides  of  the  polygon  would  be  infinitely 
small  in  magnitude  and  great  in  number.  The  force  would,  in  tauatj 
be  continuous,  instead  of  being  intermitting,  and  the  path  of  the 
body  would  be  a  curve,  instead  of  being  a  polygon.  The  areas, 
however,  described  by  the  radius  vector  round  the  centre  of  force 
0,  would  still  be  proportional  to  the  time. 

The  converse  of  the  principle  is  easily  inferred  by  reasoning 
altogether  similar.  If  0,  Jig.  743,  be  the  centre  of  equal  areas,  it 
will  be  the  centre  of  attraction ;  for  let  ^1/  he  taken  equal  to  b  b'. 
The  triangular  area  b'  o  ^^  will  then  be  equal  to  the  area  b  o  b'  by 
the  common  properties  of  triangles,  and  since  the  areas  described 
round  o  in  successive  seconds  are  equal,  we  have  the  area  b'  o  b^'s 
b  c  b',  and  therefore  ==  b'  o  &'.  Hence  we  infer  that  b'  o  b"=b'  c  ft', 
and  therefore  that  the  line  h'  b"  is  parallel  to  b'  c.  The  force  there- 
fore expressed  by  the  diagonal  b'  b"  of  the  parallelogram  is  equiva- 
lent to  the  forces  expressed  by  the  sides.  The  body  at  b',  there- 
fore, besides  the  projectile  force  b  b'  or  b'  V^  is  urged  by  a  central 
force  directed  to  o. 

2600.  Linear,  angular^  and  areal  velocity.  —  In  the  description 
and  analysis  of  the  planetary  motions,  there  are  three  quantities 
which  there  is  frequent  occasion  to  express  in  reference  to  the  unit 
of  time,  and  to  which  the  common  name  of  ^<  velocity  is  conse- 
quently applied. 

1^.  The  linear  velocitv  of  a  planet  is  the  actual  space  over  which 
it  moves  in  its  orbit  in  the  unit  of  time.  We  shall  invariably  ex- 
press this  velocity  by  V. 

2^.  The  angular  velocity  is  the  angle  (bgb'  in^.  743)  which 
the  radius  vector  from  the  sun  to  the  planet  moves  over  in  the  unit 
of  time.     We  shall  invariably  express  this  by  the  Greek  letter  a. 

3^.  The  areal  velocity  is  the  area  (bob'  in  fig.  743)  which  the 
radius  vector  from  the  sun  to  the  planet  sweeps  over  in  the  unit  of 
time.     We  shall  express  this  by  a. 

2601.  Relation  between  angular  and  areal  velocities.  —  If  b"  c', 
fi^.  743,  be  supposed  to  bo  perpendicular  to  b'  o,  the  area  of  the 
tnangle  b'  c  b''  will  be  J  b'  o  x  W.     But  since  in  this  case  b"  ef 
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mkj  be  considered  as  the  arc  of  a  circle,  of  which  0  is  the  centre 
ind  B^o  the  radius^  we  shall  have  (2292), 

rX  a 


^e^ 
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where  the  distance  B^'  0  of  the  planet  from  the  son,  or  the  radius 
vector,  is  expressed  by  r.     Hence  we  have 

Hence  the  areal  velocity  is  always  proportional  to  the  product  of  the 
angular  velocity  and  the  square  of  the  radius  vector  or  distance. 

To  ascertain,  therefore,  whether  any  point  within  the  orbit  of  a 
pknet  be  the  '^  centre  of  equal  areas/'  and  therefore  the  centre  of 
attraction,  it  is  only  necessary  to  compare  the  angular  velocity 
round  such  point  with  the  square  of  the  distance ;  and  if  their  pro- 
duct be  always  the  same,  or,  in  other  words,  if  the  angular  velocity 
increase  in  the  same  ratio  as  the  square  of  the  distance  or  radius 
▼ector  decreases,  and  vice  versd^  then  the  point  in  question  must  be 
the  centre  of  equal  areas,  and  therefore  the  centre  of  attraction. 

2602.  Coue  of  the  motion  of  the  earth,  —  In  the  case  of  the 
earth,  the  variation  of  its  distance  from  the  sun  is  inversely  as  the 
variation  of  the  sun's  apparent  diameter,  which  may  be  accurately 
obflerved,  as  may  also  be  the  sun's  apparent  motion  in  the  firma- 
ment. Now,  it  is  found  that  the  apparent  motion  of  the  sun  in- 
creases exactly  in  the  same  ratio  as  the  square  of  its  apparent 
diameter,  and  therefore  inversely  as  the  square  of  its  distance; 
from  which  it  follows  that  its  centre  is  the  oentre  of  equal  areas  for 
the  earth's  motion,  and  therefore  the  centre  of  attraction. 

2603.  Ooue  of  the  planets,  —  In  the  same  manner,  by  calculating 
from  observation  the  angular  motions  of  the  planets,  and  their  dis- 
tances from  the  sun,  it  may  be  shown  that  their  angular  motions 
ue  inversely  as  the  squares  of  their  distances,  and  consequently 
that  the  centre  of  the  sun  is  the  centre  of  the  attraction  which 
moves  them. 

2604.  Orbits  of  the  planets  ellipses.  — By  comparing  the  varia- 
tion of  the  distance  of  any  planet  from  the  sun  with  the  change  of 
direction  of  its  radius  vector,  it  may  be  ascertained  that  its  orbit  is 
&n  ellipse ;  the  oentre  of  the  sun  being  at  one  of  the  foci,  in  the 
same  manner  as  has  been  already  explained  in  the  case  of  the 
earth. 

2605.  Perihelion^  aphelion,  mean  distance,  —  That  point  of  the 
elliptic  orbit  at  which  a  planet  is  nearest  to  the  sun  is  called  peri- 
helion, and  that  point  at  which  it  is  most  remote  is  called  aphs- 

UON. 
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Tho  MEAN  BiSTANCS  ot  a  planet  from  the  Ban  is  half  the  sam 
of  its  greatest  and  least  distances. 

2606.  Major  and  minor  axes,  and  eccentricity^  of  the  orbit  — 
The^.  744  represents  an  ellipse,  of  which  F  is  the  focus  and  c  the 
centre.     The  line  o  F  continued  to  p  and  a  is  the  major  axis, 

sometimes  called  the  transverse  axis. 
Of  all  the  diameters  which  can  be 
drawn  through  the  centre  o,  ter- 
minating in  the  curve,  it  is  the 
longest,  while  mom', drawn  at  right 
an^es  to  it,  called  the  minor  axis, 
is  the  shortest.  The  line  f  m', 
Fig.  744.  which  is  equal  to  F  0,  half  the  major 

axis,  and  therefore  to  half  the  sam 
of  the  greatest  and  least  distances  of  the  ellipse  from  its  focus,  is 
the  mean  distance. 

A  planet  is,  therefore,  at  its  mean  distance  from  the  sun  when  it 
is  at  the  extremities  of  the  minor  axis  of  its  orbit. 

There  is  another  point  f'  on  the  major  axis,  at  a  distance  f'c 
from  the  centre,  equal  to  f  0,  which  has  also  the  geometric  proper- 
ties of  the  focus.  It  is  sometimes  dbtinguished  as  the  empty 
Foous  of  the  planet's  orbit. 

Ellipses  may  be  more  or  less  eccentric,  that  is  to  say,  more  or 
less  OTal.  The  less  eccentric  they  are,  the  less  they  differ  in  form 
from  a  drcle.  The  degree  in  which  they  have  the  oval  form  de- 
pends on  the  ratio  which  the  distance  FC  of  the  foons  from  the 
centre  bears  to  P  c,  the  semi-axis  major.  Two  ellipses  of  difierent 
magnitades  in  which  this  ratio  is  the  same,  have  a  like  form,  and 
are  equally  eccentric.  The  loss  the  ratio  of  c  f  to  c  p  is,  the  more 
nearly  does  the  ellipse  resemble  a  circle.  This  raUo  is,  dierefore, 
called  the  eccentricity. 

The  eccentricity  of  a  planet's  orbit  will,  therefore,  be  that  num- 
ber which  expresses  the  distance  of  the  sun  from  the  centre  of  the 
ellipse,  the  semi-axis  major  of  the  orbit  being  taken  as  the  unit. 

2607.  Apsides,  anomafy,  —  The  points  of  perihelion  and 
aphelion,  are  called  by  the  common  name  of  apsides. 

If  an  eye  placed  at  the  sun  f  look  in  the  direction  of  P,  that 
point  will  be  projected  upon  a  certain  point  on  the  firmament  This 
is  called  the  place  of  perihelion. 

The  angle  formed  by  a  line  drawn  from  the  sun  to  the  place  p  of 
a  planet,  and  the  major  axis  of  its  orbit,  or,  what  is  the  same,  the 
angular  distance  of  the  planet  from  its  perihelion,  as  seen  from  the 
sun,  IS  called  its  anomaly. 

If  an  imaginary  planet  be  supposed  to  move  from  perihelion  to 
aphelion  with  any  uaiform  angular  motion  round  the  sun  in  the 
same  time  that  the  real  planet  moves  between  the  same  points  with 
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a  variable  angular  motion,  the  anomaly  of  this  imaginary  planet  is 
oalled  the  mean  anomaly  of  the  planet. 

2608.  Place  of  perihdion.  —  The  plaoe  or  perihelion  is  ex- 
pressed  by  indicating  the  particular  fixed  star  at  or  near  which  the 
planet  at  P  is  seen  from  F,  or.  what  is  the  same,  the  distance  of 
that  point  from  some  fixed  and  known  point  in  the  heavens.  The 
point  selected  for  this  purpose  is  the  vernal  equinoxial  point,  or  the 
first  point  of  Aries  (2435).  The  distance  of  perihelion  from  this 
point,  as  seen  from  the  sun,  is  called  the  longitude  o7  perihe- 
lion, and  is  an  important  condition  affecting  the  position  of  the 
planet's  orbit  in  space. 

2609.  Eccentricities  of  orbits  smaJl  — The  planets'  orbits,  like 
that  of  the  earth,  though  elliptioal,  are  very  slightly  so.  The  ec- 
centricities are  so  minute,  that  if  the  form  of  the  orbit  were  de- 
lineated on  paper,  it  could  not  be  distinguished  from  a  circle  except 
bj  very  exactly  measuring  its  breadth  in  different  directions. 

2610.  Lato  of  attraction  deduced  from  elliptic  orbit.  —  As  the 
equable  description  of  areas  round  the  centre  of  the  sun  proves  that 
point  to  be  the  centre  pf  attraction,  the  elliptic  form  of  the  orlnt 
and  the  position  of  the  sun  in  the  focus  indicate  the  law  according 
to  wbieh  this  attraction  varies  as  the  distance  of  the  planet  from  the 
sun  varies.  Newton  has  demonstrated,  in  his  Prinoipia,  that  such 
a  motion  necessarily  involves  the  condition  that  the  intensity  of  the 
attractive  force,  at  different  points  of  the  orbit,  varies  inversely  as 
the  square  of  the  distance,  increasing  as  the  square  of  the  distance 
decreases,  and  vic^  versa, 

2611.  The  orbit  might  be  a  parabola  or  hyperbola,  —  Newton 
also  proved  that  the  converse  is  not  necessarily  true,  and  that  a 
body  may  move  in  an  orbit  which  is  not  elliptical  round  a  centre  of 
force  which  varies  according  to  this  law.  But  he  showed  that  the 
orbit,  if  not  an  ellipse,  must  be  one  or  other  of  two  curves,  a  para- 
bola or  hyperbola,  having  a  close  geometric  relation  to  the  el- 
lipse, and  that  in  all  cases  the  centre  of  force  would  be  the  focus  of 
the  curve. 

These  three  sorts  of  curves,  the  ellipse,  the  parabola,  and  hyper- 
bola, are  those  which  would  be  produced  by  cutting  a  cone  in  differ- 
eDt  directions  by  a  plane,  and  they  are  hence  called  the  conio 
sections. 

2612.  Conditions  which  determine  the  species  of  the  orbit  —  The 
conditions  under  which  the  orbit  of  a  planet  might  be  a  parabola  or 
bjperbola,  depend  on  the  relation  which  the  velocity  of  the  motion 
of  the  planet,  at  any  given  point  of  the  orbit,  bears  to  the  intensity 
of  the  attractive  force  at  that  point.  It  is  demonstrable  that,  if 
the  velocity  with  which  a  planet  moves  at  any  given  point  of  its 
orbit  were  suddenly  augmented  in  a  certain  proportion,  its  orbit 
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would  become  a  parabola,  and  if  it  were  still  more  augmeB'«edj  it 
would  become  an  hyperbola. 

The  ellipse  is  a  curve  which,  like  the  circle,  returns  into  it9eI/\  so 
that  a  body  moving  in  it  must  necessarily  retrace  the  same  path  ia 
an  endless  succession  of  revolutions.  This  is  not  the  character  of 
the  parabola  or  hyperbola.  They  are  not  closed  curves,  but  consist 
of  two  branches  which  continue  to  diverge  from  each  other  without 
ever  meeting.  A  planet,  therefore,  which  would  thus  move,  would 
pass  near  the  sun  once,  following  a  curved  path,  but  would  then 
depart  never  to  return. 

2613.  Law  of  gravitation  general.  —  The  elliptic  form  of  the 
orbit  of  a  planet  indicates  the  law  which  governs  the  variation  of 
the  sun's  attraction  from  point  to  point  of  such  orbit ;  but  beyond 
this  orbit  it  proves  nothing.  It  remains,  therefore,  to  show  from 
the  planetary  motions  round  the  sun,  and  from  the  motions  of  the 
satellites  round  their  primaries,  that  the  same  law  of  attraction  by 
which  the  intensity  decreases  as  the  square  of  the  distance  from  the 
centre  of  attraction  increases,  and  vice  versd,  is  universal. 

The  attraction  exerted  upon  any  body  may  be  measured,  in  gene- 
ral, as  that  of  the  earth  on  bodies  near  its  sur&ce  is  measured,  by 
the  spaces  through  which  the  attracted  body  would  be  drawn  in  a 
given  time.  It  has  been  shown,  that  the  attraction  which  the  earth 
exerts  at  its  surface,  is  such  as  to  draw  a  body  towards  it  through 
193  inches  in  a  second.  Now  if  the  space  through  which  the  sun 
would,  by  its  attraction  at  any  proposed  distance,  draw  a  body  in 
one  second  could  be  found,  the  attraction  of  the  sun  at  that  distance 
could  be  exactly  compared  with  and  measured  by  the  attraction  of 
the  earth,  just  as  the  length  of  any  line  or  distance  is  ascertained 
by  applying  to  it  and  comparing  it  with  a  standard-yard  measure. 

2614.  Method  of  calculating  the  central  force  by  the  velocity 
and  curvature.  —  Now  the  space  through 
which  any  central  attraction  would  draw  a 
body  in  a  given  time  can  be  easily  calculated,  if 
the  body  in  question  moves  in  a  circular  or 
nearly  circular  orbit  round  such  a  centre,  as 
all  the  planets  and  satellites  do. 

Let  £,  fig.  745,  be  the  centre  of  attraction, 
and  E  m  the  distance  or  radius  vector.  Let 
m  m'  =  y,  the  linear  velocity.  Let  m  n  and 
m'  n'  be  drawn  at  right  angles  to  E  m,  and  there* 
fore  parallel  to  each  other.  The  velocity  m  m' 
may  be  considered  as  compounded  of  two  (173), 
one  in  the  direction  m  n  of  the  tangent,  and 
the  other  mn  directed  towards  the  centre  of 
^  *  attraction  b.     Now  if  the  body  were  deprived  of 

Fig.  745.  its  tangential  motion  m  n\  it  would  be  attracted 
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towards  the  centre  E,  through  the  space  m  n,  in  the  nnit  of  time. 
By  means  of  this  space,  therefore,  the  force  which  the  central  at- 
traction exerts  at  tn  can  be  brought  into  direct  comparison  with  the 
force  which  terrestrial  gravity  exerts  at  the  surface  of  the  earth. 

It  follows,  therefore,  that  if  /  express  the  space  through  which 
nch  a  body  would  be  drawn  in  the  unit  of  time,  falliog  freely  to- 
wards the  centre  of  attraction,  we  shall  have  f^mn.  Bat  by  the 
elementary  principles  of  geometry, 

mnX  2Em  =  m m'*. 


that  is,  the  space  through  which  a  body  would  be  drawn  towards  the 
oen^  of  attraction,  if  deprived  of  its  orbital  motion,  in  the  unit 
of  time,  is  found  by  dividing  the  square  of  the  linear  orbital  velocity 
by  twice  its  distance  from  the  centre  of  attraction. 

Since  v  =  ^j^^y  (2601),  we  shall  also  have 
/= 


206265' 


2x206265 


^e  attractive  force,  or,  what  is  the  same,  the  space  througk 
which  the  revolving  body  would  be  drawn  towards  the  centre  in  the 
unit  of  time,  can,  therefore,  be  always  computed  by  these  formulsoi 
vben  its  distance  from  the  centre  of  attraction  and  its  linear  or  an* 
gttlar  velocity  are  known. 

Since  (2568) 

1296000 

tt= 

p 

^  being  substituted  for  a  in  the  preceding  formula,  will  give 
/=  412541  xjj 

by  which  the  attractive  force  may  always  be  calculated  when  the 
oistance  and  period  of  the  revolving  body  are  known. 

^615.  Law  of  gravitation  shown  in  the  case  of  the  moon.  —  The 
•'Attraction  exerted  by  the  earth,  at  its  surface,  may  be  compared  with 
^be  attraction  it  exerts  on  the  moon,  by  these  formulae. 

In  the  case  of  the  moon,  v  =  0.6356  miles,  and  r  =  239,000 
^i^s^  and  by  calculation  from  these  data,  we  find 

/  =  0-0000008459  -»«•  =  00536 "^ 

-^be  attraction  exerted  by  the  earth  at  the  moon's  distance  would, 
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therefore,  cause  a  body  to  fall  through  536  ten-thousandths  of  an 
inch,  while  at  the  earth's  surface  it  would  fall  through  193  inches 
(247). 

The  intensity  of  the  earth's  attraction  on  the  moon  is,  therefore, 
less  than  its  attraction  on  a  body  at  the  surface,  in  the  ratio  of 
1,930,000  to  536,  or  3600  to  1,  or,  what  is  the  same,  as  the  square 
of  60  to  1. 

But  it  has  been  shown  that  the  moon's  distance  from  the  earth's 
centre  is  60  times  the  earth's  radius.  It  appears,  therefore,  that  in 
this  case  the  attraction  of  the  earth  decreases  as  the  square  of  the 
distance  from  the  attracting  centre  increases ;  and  that,  consequently, 
the  same  law  of  gravitation  prevails  as  in  the  elliptic  orbit  of  a 
planet. 

2616.  Sun^ s  attraction  on  planets  compared — law  of  gravita^ 
tion  fulfilled,  —  In  the  same  manner,  exactly,  the  attractions  which 
the  sun  exerts  at  different  distances  may  be  computed  by  the  mo- 
tions and  distances  of  the  planets.  The  distance  of  a  planet  gives 
the  circumference  of  its  orbit,  and  this,  compared  with  its  periodic 
time,  will  give  the  arc  through  which  it  moves  in  a  day,  an  hour,  or 
a  minute.  This,  represented  by  m  m',  fig.  745,  being  known,  the 
space  m  n  through  which  the  planet  would  fall  towards  the  sun  in 
the  same  time  may  be  calculated ;  and  this  being  done  for  any  two 
planets,  it  will  be  found  that  these  spaces  are  in  the  inverse  ratio 
of  the  squares  of  their  distances. 

Thus,  for  example,  let  the  earth  and  Jupiter  be  compared  in  this 
manner.  K  d  express  the  distance  from  the  sun  in  miles,  p  the 
period  in  davs,  A  the  arc  of  the  orbit  in  miles  described  by  the 
planet  in  an  hour,  and  H  the  space  m  n  in  miles,  through  which  the 
planet  would  fall  towards  the  sun  in  an  hour  if  the  tangential  force 
were  destroyed,  we  shall  then  have 


D 

P 

A 

H 

Barth 

Jupltar 

05,000,000 
404,000,000 

865-26 
4332-82 

68,091 
29,850 

24-4020 
0-9019 

Now,  on  comparing  the  numbers  in  the  last  column  with  th 
squares  of  those  in  the  first  column,  we  find  them  in  almost  exact 
accordance.     Thus, 

(95)« :  (494)«  ::  24-402  :  0-9024. 

The  difference,  small  as  it  is,  would  disappear,  if  exact  values  were 
taken  instead  of  round  numbers. 

2617.  The  law  of  gravitation  universal.  —  Thus  is  established 
the  great  natural  law,  known  as  the  law  of  gravitation,  at  least,  so 
far  as  the  action  of  the  sun  upon  the  planets,  and  the  planets  on 
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their  satellites^  is  oonoerDed.  But  this  law  does  not  alone  affect  the 
ceotral  attracting  bodies.  It  belongs  equally  to  the  revolving  bodies 
themselves.  Each  planet  attracts  the  sun,  and  each  satellite  attracts 
its  primary  as  well  as  being  attracted  by  it ;  and  this  reciprocal  at- 
traction depends  on  the  mass  of  the  revolving  as  well  as  on  the  mass 
d  the  central  body  and  their  mutual  distance. 

The  planets,  moreover,  as  well  as  the  satellites,  attract  each  other, 
and  thus  modify,  to  some  small  extent,  the  effects  of  the  predomi- 
nant central  attraction.         » 

2618.  lu  analogy  to  the  general  law  of  radiating  influences.  — 
It  will  be  observed  that  this  law  is  similar  to  that  which  governs 
%ht^  heat,  sound,  and  other  physical  principles  which  are  propsp 
gated  by  radiation ;  and  it  might  thus  be  inferred  that  gravitation 
is  an  agency  of  which  the  seat  is  the  sun,  or  other  gravitating  body, 
aod  that  it  emanates  from  it  as  other  physical  principles  obeying  the 
ame  law  are  supposed  to  do. 

2619.  Not,  however,  to  he  identified  with  them.  —  No  such  hy- 
pothesis as  this,  however,  is  either  assumed  or  required  in  astro- 
nomy. The  law  of  gravitation  is  taken  as  a  general  fact  established 
hj  observatioi^  without  reference  to  any  inodm  operandi  of  the 
force.  The  planets  may  be  drawn  towards  the  sun  by  an  agency 
whose  seat  is  established  in  the  sun,  or  they  may  be  driven  towards 
It  by  an  agency  whose  seat  is  outside  and  around  the  system,  or  they 
Duy  be  pressed  towards  it  by  an  agency  which  appertains  to  the 
space  in  which  they  move.  Nothing  is  assumed  in  astronomy  which 
would  be  incompatible  with  any  one  of  these  modes  of  action.  The 
^w  of  gra^tation  assumes  nothing  more  than  that  the  planets  are 
subject  to  the  agency  of  a  force  which  is  every  where  directed  to 
the  sun,  and  whose  intensity  increases  as  the  square  of  the  distance 
from  the  sun  decreases,  and  vice  versd  ;  and  this,  as  has  been  shown, 
is  proved  as  a  matter  of  fact  independent  of  all  theory  or  hypo- 


2620.  The  harmonic  law.  —  A  remarkable  numerical  relation 
thus  denominated  prevails  between  the  periodic  times  of  the  planets 
and  their  mean  distances,  or  major  axes  of  their  orbits.  If  the 
squares  of  the  numbers  expressing  their  periods  be  compared  with 
the  cubes  of  those  which  express  their  mean  distances,  they  will  be 
found  to  be  yery  nearly  in  the  same  ratio.  They  would  be  exactly 
BO  if  the  masses  or  weights  of  the  planets  were  absolutely  insigni- 
ncant  compared  with  that  of  the  sun.  But  although  these  masses, 
**  will  appear,  are  comparatively  very  small,  they  are  sufficiently 
considerable  to  affect,  in  a  slight  degree,  this  remarkable  and  im- 
portant law. 

Omitting  for  the  present,  then,  this  cause  of  deviation,  the  har- 
monic law  may  be  thus  expressed.     If  P,  P',  p",  &o.,  be  a  series  of 
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numbers  which  express  or  are  proportional  to  the  periodic  tiroes,  and 
r,  /;  /',  &c.;  to  the  mean  distances  of  the  planets^  we  shali  have 


pTs 


that  is,  the  quotients  found  by  dividing  the  numbers  expiBSsing  the 
cubes  of  the  distances  by  the  numbers  which  express  the  squares 
of  the  periods  are  equal,  subject  nevertheless  to  such  deviations 
from  the  law  as  may  be  due  to  the  cause  above  mentioned. 

2621.  Fulfilled  hy  iheplane($,  —  Method  of  computing  the  dia- 
tance  of  a  planet  from  the  «*n  when  its  periodic  time  i$  knotcn,  — 
To  show  the  near  approach  to  numerical  accuracy  with  which  this 
remarkable  law  is  fulfilled  by  the  motions  of  the  planets  composing 
the  solar  system,  we  have  exhibited  in  the  following  table  the  rela- 
tive approximate  numerical  values  of  their  sevend  distances  and 
periods,  and  have  shown  that  the  quotients  found  by  dividing  the 
cubes  of  the  distances  by  the  squares  of  the  periods  are  sensibly 
equal : — 


*«* 

Batio  of  cobe 

DSstacoe. 

Forlod< 

CnbeofDlfltanoe. 

Sq.ofP^od. 

of  DlstanoB  to 
Sq.ofP«rto(L 

r 

P. 

H 

P* 

Mercury 

0-887 

0-241 

67961 

680 

100 

Vonui.... 

0^23 
1-00 

0-616 
100 

877983 

1000000 

8782 
10000 

100 
100 

Barth 

Mars « 

1-62 

1-88 

8526688 

86344 

100 

S-M 

4-00 

16625000 

160000 

100 

Jupiter 

6-20 

11-86 

140608000 

1406696 

100 

Saturn 

9-34 

29-60 

866260664 

8702600 

100 

UranuB 

19-18 

8400 

7066792632 

70660000 

100 

Neptune 

80-00 

164-a) 

27000000000 

270981600 

100 

'  In  general,  the  distance  of  a  planet  from  the  sun  can  be  com- 
puted by  means  of  this  law,  when  the  distance  of  the  earth  and  the 
periodic  times  of  the  earth  and  planet  are  known. 

For  this  purpose  find  the  number  which  expresses  the  periodic 
time  P  of  the  planet,  that  of  the  earth  being  expressed  by  1 ;  and 
let  D  be  the  number  which  expresses  the  mean  distance  of  the  planet 
from  the  sun,  that  of  the  earth  being  also  expressed  by  1.  Wc 
shall  then,  according  to  the  harmonic  law,  have 
1«  :  p«  : :  P  :  d». 


But  since 


we  shall  have 


1x1  =  1       1x1x1  =  1, 

P«  =  D'. 


To  find  the  distance  d,  therefore,  it  is  only  necessary  to  find  the 
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number  wboee  cabe  is  the  square  of  the  number  expressing  the 
period,  or,  what  is  the  same,  to  extract  the  cube  root  of  the  square 
of  the  period. 

2622.  Harmonic  law  deduced  from  the  lata  of  gravitation.  — 
It  is  not  diffionlt  to  show  that  this  remarkable  law  is  a  necessary 
oonsequenoe  of  the  law  of  gravitation. 

Sapposing  the  orbits  of  die  planets  to  be  circular,  which  for  this 
puipoBe  ihe^  may  be  taken  to  be,  let  the  distance,  period,  and  an- 
gular Telocity  of  any  one  planet  be  expressed  by  r,  p,  and  a,  and 
those  of  any  other  by  t^,  P^,  and  J,  and  let  the  forces  with  which 
the  sun  attracts  them  respectiyely  be  expressed  by /and/'.  We 
shall  then^  according  to  what  has  been  proved  (2614),  have 

^  ^   2x  206266  -^  "  2  X  206265' 

and  therefore 

/  :  /^ : :  r  X  o* :  t'  X  o'*. 
But  by  the  law  of  gravitation 

/:/'::  >^:f^, 
therefore 

f^  :  r" : :  r  X  tt*  :  t'  X  a'", 
and  consequently 

/»  X  a'»  =  r*  X  a*. 

But  the  angles  described  in  the  unit  of  time  are  found  by  dividing 
360^  by  the  periodic  times.    Therefore, 

360°  ,       860° 


a  r= 


and  consequently 


■     ■■  —  w     —      '    _§ 

p2  — p«» 


} 


which  is,  in  fact,  the  harmonic  law. 

It  is  easy,  by  pursuing  this  reasoning  in  an  inverse  order,  to  show 
that  if  the  harmonic  law  be  taken,  as  it  may  be,  as  an  observed  fact, 
the  law  of  gravitation  may  be  deduced  from  it. 

2623.  Kepler's  laws. — The  three  great  planetary  laws  explained 
in  the  preceding  paragraphs — 1.  The  equable  description  of  areas; 
2.  The  elliptic  form  of  the  orbits;  and  3,  the  harmonic  law  — 
were  discovered  by  Kepler,  whose  name  they  bear.  Kepler  deduced 
them  as  matter-of-fact  from  the  recorded  observations  of  himself 
and  other  astronomers,  but  failed  to  show  the  principle  by  which 
they  were  connected  with  each  other.  Newton  gave  their  interpre- 
tation, and  showed  their  connexion  as  already  explained. 

III.  24 
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2624.  Inclination  of  the  orbits — nodes, — In  what  has  been 
stated,  the  planets  are  regarded  as  moving  in  the  plane  of  the  earth's 
orbit  If  this  were  strictly  true,  no  planet  would  ever  be  seen  on 
the  heavens  out  of  the  ecliptio.  The  inferior  planets,  when  in  in- 
ferior conjunction,  would  always  appear  as  spots  on  the  Bun }  and 
when  in  superior  conjunction,  they,  as  well  as  the  superior  planets, 
would  alvoays  be  behind  the  sun's  disk.  This  is  not  the  case.  The 
planets  generally,  superior  and  inferior,  are  seldom  seen  actually 
upon  the  ecliptic,  although  they  are  never  &r  removed  from  it. 
The  centre  of  the  planet,  twice  in  each  revolution,  is  observed  upon 
the  ecliptic.  The  points  at  which  it  is  thus  found  upon  the  plane 
of  the  earth's  orbit  are  at  opposite  sides  of  the  sun,  180^  asunder, 
as  seen  from  that  luminary.  At  one  of  them  the  planet  passes  from 
the  south  to  the  north  of  the  ecliptic,  and  at  the  other  from  the 
north  to  the  south. 

2625.  Nbdesy  ascending  and  descending,  —  Those  points,  where 
the  centre  of  a  planet  crosses  the  ecliptic,  are  called  its  nodes  ;  that 
at  which  it  passes  from  south  to  north  being  called  the  asckndino 
NODE,  and  the  other  the  desoendinq  node. 

While  the  planet  passes  from  the  ascending  to  the  descending 
node,  it  is  north  of  the  ecliptic  ]  and  while  it  passes  from  the  de- 
scending to  the  ascending  node,  it  is  south  of  it. 

All  these  phenomena  indicate  that  the  planet  does  not  move  in 
the  plane  of  the  ecliptic,  but  in  a  plane  inclined  to  it  at  a  certain 
angle.  This  angle  cannot  be  great,  since  the  planet  is  never  ob- 
served to  depart  &r  from  the  ecliptic  With  a  few  exceptions, 
which  will  be  noticed  hereafter,  the  obliquity  of  the  planets'  orbits 
do  not  amount  to  more  than  7°. 

2626.  The  zodiac,  —  The  planets,  therefore,  not  departing  more 
than  about  8°  from  the  ecliptic,  north  or  south,  their  motions  are 
limited  to  a  zone  of  the  heavens  bounded  by  two  parallels  to  the 
ecliptic  at  this  distance,  north  and  south  of  it. 

2627.  Method  of  determining  a  planers  distance  from  the  sun, 
—  This  problem  may  be  solved  with  more  or  less  approximation  by 
a  great  variety  of  different  methods.  In  all  it  is  assumed  that  the 
earth's  distance  from  the  sun  is  previously  ascertained,  the  imme- 
diate result  being  in  every  case  the  determination  of  the  ratio  which 
the  planet's  distance  from  the  sun  bears  to  the  earth's  distance. 

2628.  1^.  By  the  elongation  and  synodic  motion.  —  This  method 
has  been  already  explained  (2592). 

2629.  2°.  By  the  greatest  elongation  for  an  inferior  planet,  — 
When  an  inferior  planet  is  at  its  greatest  elongation,  the  angle  p, 
included  by  Hues  drawn  from  it  to  the  sun  and  earth,  will  be  90^ 
(2576),  and  consequently  the  two  angles  at  E  and  8  taken  together 
will  be  90^.     If  the  clougation  E  be  observed,  the  angle  at  s  will 


THB  SOLAR  8TSTEM.  279 

be  90^ — s^  andwiU  therefore  be  known,  and  thus  the  distances 
sp  and  I  p  may  be  oompnted  as  in  the  first  method. 

2630.  3®.  £^  the  griatett  and  least  apparent  magnitudes,  —  If 
m  and  m'  be  the  apparent  magnitades  of  an  inferior  planet  when  at 
inferior  and  saperior  conjanction^  and  e  and  p  be  the  distances  of 
tbe  eartii  and  planet  from  the  son^  e — p  wiU  be  the  distance  of  the 
planet  fiom  the  earth  at  inferior,  and  «  +  jp  at  saperior  conjunction 
(2577);  and  ainoe  the  apparent  magnitades  are  in  the  inyerse  ratio 
of  theae  dktuiceB  (1118)^  we  shaU  have 
m  ^  e-f  p 


and  oonaeqaeBtly 


m'       e — p' 


m — mf 

^      m  +  m 


If  m  +  m'  be  the  apparent  magnitades  of  a  saperior  planet  in  op- 
position and  conjunction,  its  distances  at  these  points  will  be  p  —  e 
^dp  -f  «y  and  we  shall  have  as  before 

i»  ^  p  +  tf 

m'  "p — «* 
uid  therefore 

p  =  ,   X  e. 

2631.  A^.  By  the  harmonic  law.  — This  law  (2614)  bdng  de- 
duced from  the  law  of  grayitation  (2616),  independently  of  the 
observation  and  comparison  of  times  and  (^stances,  it  may  be  used 
for  the  determination  of  the  distances,  the  times  being  known.  Let 
s  and  p  be  the  periodic  time  of  the  earth  and  planet,  and  e  and  p 
^eir  distances  from  the  sun.  We  shall  then,  by  the  harmonic  law, 
have 

p»  _P^ 


tnd  therefore 


lf  =  tx<?, 


and  thus  the  distance  p  may  be  found. 

2632.  To  determine  the  real  diameters  and  volumegof  the  bodies 
of  the  system.  —  The  apparent  diameter  at  a  known  distance  being 
observed,  the  real  diameter  may  be  computed  by  the  principle  ex- 
plained in  2299.  The  linear  value  of  V  at  the  distance  being 
bown,  the  real  diameter  will  be  obtained  by  multiplying  such  value 
by  the  apparent  diameter  expressed  in  seconds. 
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The  disks  of  Uie  inferior  planets  not  being  visible  at  inferior  con- 
junction when  their  dark  hemispheres  are  presented  to  the  eartb, 
and  being  lost  in  the  effalgence  of  the  sun  at  superior  conjunction, 
can  only  be  observed  between  their  greatest  elongation  and  superior 
conjunction,  when  they  appear  gibbous.  The  distance  of  the  planet 
from  the  earth  is  computed  in  this  position  by  knowing  the  distances 
of  the  planet  and  the  earth  from  the  sun,  and  the  angle  under  the 
lines  drawn  from  the  sun  to  the  earth  and  planet,  which  can  always 
be  computed  (2587).  This  distance  being  obtained,  the  linear  yalne 
of  1"  at  the  planet  will  be  found  (2298),  which,  being  multiplied 
by  the  greatest  breadth  of  its  gibbous  disk,  the  real  £ameter  will 
be  obtained. 

In  the  case  of  the  superior  planets,  their  diameters  may  be  best 
obtained  when  in  opposition,  because  then  they  appear  with  a  full 
disk,  and,  being  nearer  to  the  earth  than  at  any  other  elongation, 
have  the  greatest  possible  magnitude.  Their  distance  from  the  earth 
in  this  position  is  always  the  difference  between  the  distances  of  the 
earth  and  planet  from  the  sun. 

When  the  real  diameters  are  found  the  volumes  will  be  obtained, 
nnoe  they  are  as  the  cubes  of  the  real  diameters. 

2633.  Methods  of  determining  the  masses  of  the  hodies  of  the 
solar  St/stem,  —  The  work  of  the  astronomer  is  but  imperfectly  per- 
formed when  he  has  only  mentioned  the  distances  and  magnitudes, 
and  ascer^ined  the  motions  and  velocities,  of  the  great  bodies  of 
the  universe.  He  must  not  only  measure,  but  weigh  these  stu- 
pendous masses. 

The  masses  or  quantities  of  matter  in  bodies  upon  the  surface  of 
the  earth  are  estimated  and  compared  by  their  weights — that  is,  by 
the  intensity  of  the  attraction  which  the  earth  exerts  upon  them. 
It  is  inferred  that  equal  quantities  of  matter  at  equal  dbtances  from 
the  centre  of  the  earth  are  attracted  by  equal  forces,  inasmuch  as 
all  masses,  great  and  small,  fall  with  the  same  velocity  (234). 

The  intensity  of  the  attraction  with  which  the  earth  thus  acts 
upon  a  body  at  any  given  distance  from  its  centre  depends  on  the 
mass  or  quantity  of  matter  composing  the  earth.  If  the  mass  of 
the  earth  were  suddenly  increased  in  any  proposed  ratio,  the  weights 
of  all  bodies  on  its  surface,  or  at  any  given  distance  from  its  centre, 
would  be  increased  in  the  same  ratio,  and,  in  like  manner,  if  its 
mass  were  diminished,  the  weights  would  be  decreased  in  the  same 
ratio.  In  fine,  the  weights  of  bodies  at  any  given  distance  from  the 
earth's  centre  would  vary  with,  and  be  exactly  proportional  to,  every 
variation  in  the  mass  of  the  earth. 

This  principle  is  genejal.  If  M  and  m'  be  any  two  masses  of 
matter,  the  attractions  which  they  will  exert  upon  any  bodies, 
placed  at  equal  distances  from  their  centres  of  gravity^  will  be  in 
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tiie  exaeft  proportion  of  the  quantities  of  ponderable  matter  com- 
podng  them. 

But  it  will  be  oonvenient  to  obtain  the  relation  between  the 
masses  and  the  attractions  thej  exert  at  unequal  distances.  For 
this  purpose,  let  the  attractions  whioh  thej  exert  at  equal  distances 
be  expieand  bj  /and/',  and  let  the  common  distance  at  whieh 
those  attraotions  are  exerted  be  expressed  by  Xj  and  let  i*  and  f' 
express  the  attractions  whioh  they  respectively  exert  at  any  other 
distances,  r  and  /,  and  we  shall  have,  according  to  the  general  law 
of  grantation. 


/:»: 

1 

1 

f.if 

1 

1 

md  eonseqnenil J 

^    X^ 

~  Tf 

"^ 

froB  which  it  follows  that 

/_ 

t      X 

t> 

f- 

/    X 

r«- 

But  since  the  masses  M  and  m'  are  proportional  to  the  attractions 
/and/',  we  have 

/_« 


tnd  therefore 


M 


that  is,  the  attracting  masses  are  proportional  to  the  products  ob- 
tained, by  multiplying  any  two  forces  exerted  by  them  by  tho 
squares  of  the  distances  at  whioh  such  forces  are  exerted. 

Hence  in  all  cases  in  which  the  attractive  forces  exerted  by  any 
ecutral  masses  at  given  distances  can  be  measured  by  any  known  or 
observable  motions,  or  other  mechanical  effects,  the  proportion  of 
the  attracting  masses  can  be  determined. 

2634.  Method  of  estifnating  central  mcuges  round  which  hodiet 
f evolve.  —  If  bodies  revolve  round  central  attracting  masses  as  the 
planets  revolve  round  the  sun,  and  the  satellites  round  their  primsr 
ries,  the  ratio  of  the  attracting  forces,  and  therefore  that  of  the  cen- 
tral masses,  can  be  deduced  from  the  periods  and  distances  of  the 
revolving  bodies  by  the  principles  and  method  explained  in  2614. 

Thus  if  p  and  f'  be  the  periods  of  two  bodies  revolving  round 

24  • 
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different  attnictiiig  masses  m  and  m'  at  the  distanoes  r  and  /^  we 
shall  have 

and  sabstitatiDg  this  for  -^  in  the  formula  foand  in  2683|  we  have 
M  _t^       ^ 

M'  "■  f^»  ^     P»' 

By  this  principle  the  ratio  of  the  attracting  masses  can  always  be 
ascertained  when  the  periods  of  any  bodies  revolving  round  them  at 
known  distances  are  known. 

2635.  Method  of  determining  the  ratio  of  the  masses  of  all 
planets  which  have  satellitesj  to  the  mass  of  the  sun. — ^This  problem 
18  nothing  more  than  a  particular  application  of  the  principle  ex- 
plained above. 

To  solve  it,  it  is  only  necessary  to  ascertain  the  period  and  dis- 
tance of  the  planet  and  the  satellite,  and  substitute  them  in  the 
formula  determined  in  2634.  The  arithmetical  operations  being 
executed,  the  ratio  of  the  masses  will  be  determined. 

2636.  To  determine  the  ratio  of  the  mass  of  the  earth  to  that  of 
the  snn, — Since  the  earth  has  a  satellite,  this  problem  will  be  solved 
by  the  method  given  in  2635. 

If  r  and  /  express  the  distances  of  the  earth  from  the  sun  and 
moon,  and  P  and  p'  the  periods  of  the  sun  and  moon,  we  shall  have 

1-400      !^  -   27-30   _  J_ 
^  _  *uu      ^  -  ^^^  ^^g  -  ^g  gg 

r*  p^  1 

=  64000000      ^,  = 


which  being  substituted,  and  the  operations  executed,  gives 

~  =  357500. 
m' 

2637.  To  determine  the  masses  of  planets  which  have  no  sateUifes 
—  Accordins  to  what  has  been  explained,  the  masses  of  the  bodies 
com  posing  the  solar  system  are  measured,  and  compared  one  with 
another,  by  ascertaining,  with  the  necessary  precision,  any  similar 
effects  of  their  attractions,  and  allowing  for  the  effects  of  the  dif- 
ference of  distances.  The  effects  which  are  thus  taken  to  measure 
the  masses  and  to  exhibit  their  ratio  to  the  mass  of  the  sun  in  the 
case  of  planets  attended  by  satellites,  is  the  space  through  which  a 
satellite  would  be  drawn  by  its  primary,  and  the  Fpace  through 
which  a  planet  would  be  drawn  in  tbe  same  time  by  the  sun.  These 
spaces  indicate  the  actual  forces  of  attraction  of  the  planet  upon  the 
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adeUiie,  and  of  the  Ban  upon  the  planet,  and  when  the  effect  of  the 
difference  of  distance  ia  allowed  for,  the  ratio  of  the  mass  of  the 
planet  to  the  mass  of  the  sun  ie  found. 

In  the  case  of  planets  not  attended  by  satellites,  the  effect  of 
their  gravitation  is  not  manifested  in  this  way,  and  there  is  no  body 
smaller  than  themselves,  and  soffloiently  near  them  to  exhibit  the 
same  easily  measured  and  very  sensible  effects  of  their  attraction, 
and  hence  there  is  considerable  difBoulty,  and  some  uncertainty,  as 
to  their  exact  masses. 

2638.  Mass  of  Mars  estimated  by  its  attraction  upon  the  earth, — 
The  nearest  body  of  the  system  to  which  Mars  approaches  is  the 
earth,  its  distance  from  which  in  opposition  is  nearly  fifty  millions 
of  miles,  or  half  the  distance  of  the  earth  from  the  sun.  Now, 
nnoe  the  volume  of  Mars  is  only  the  eighth  part  of  that  of  the 
earth,  it  may  be  presumed,  that  whatever  be  its  density  its  mass 
must  be  so  small,  that  the  effect  of  its  attraction  on  the  earth  at  a 
distance  so  great  must  be  very  minute,  and  therefore  difficult  to  as- 
certain by  observation.  Nevertheless,  small  as  the  effect  thus  pro- 
duced is,  it  is  not  imperceptible,  and  a  certain  deviation  from  the 
path  it  would  follow,  if  the  mass  of  Mars  were  not  thus  present, 
has  been  observed.  To  infer,  from  this  deviation,  the  mass  of  Mars 
is,  however,  a  problem  of  much  greater  complexity  than  the  deter- 
mination of  the  mass  of  a  planet  by  observing  its  attraction  upon 
Its  satellite.  The  method  adopted  for  the  solution  of  the  problem 
J8  a  sort  of  "  trial  and  error."  A  conjectural  mass  is  first  imputed 
to  Mars,  and  the  deviation  from  its  course  which  such  a  mass  would 
canse  in  the  orbital  motion  of  the  earth  is  computed.  If  such  de- 
^tion  is  greater  or  less  than  the  actual  deviation  observed,  another 
conjectural  mass,  greater  or  less  than  the  former,  is  imputed  to  the 
planet,  and  another  computation  made  of  the  consequent  deviation, 
which  will  come  nearer  to  the  true  deviation  than  the  former.  By 
repeating  this  approximative  and  tentative  process,  a  mass  is  at  length 
found,  which,  being  imputed  to  Mars,  would  produce  the  observed 
deviation ;  and  this  is  accordingly  assumed  to  be  the  true  mass  of 
the  planet 

In  this  way  the  mass  of  Mars  has  been  approximatively  estimated 
St  the  seventh  part  of  the  mass  of  the  earth. 

The  smallness  of  this  mass  compared  with  its  distance  from  the 
ouly  body  on  which  it  can  exert  a  sensible  attraction  will  explain 
the  difficulty  of  ascertaining  it,  and  the  uncertainty  which  attends 
its  value. 

2689.  Masses  of  Yenus  and  Mercury, — The  same  causes  of  diffi- 
culty and  uncertainty  do  not  affect  in  so  great  a  degree  the  planet 
Venus,  whose  mass  is  somewhat  greater  than  that  of  the  earth,  and 
which  moreover  comes,  when  in  inferior  conjunction,  within  about 
^y  millions  of  miles  of  the  earth.     The  effects  of  the  attraction 
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of  tbe  mass  of  this  planet  npon  the  earth's  orbital  motion  are  there- 
ibre  much  more  decided.  The  deviation  prodooed  by  it  is  not  only 
easily  observed  and  measured,  but  it  affects  in  a  sensible  manner 
the  position  of  the  plane  of  the  earth's  orbit  By  the  same  Bystem 
of  '^  trial  and  error/'  the  mass  of  this  planet  is  ascertained  to  be 
greater  by  a  twentieth  than  that  of  the  earth. 

The  difficalties  attending  the  determination  of  the  mass  of  Mer- 
cury are  still  greater  than  those  which  affect  MarSi  and  its  trae  value 
is  Btill  very  uncertain.  Attempts  have  lately  been  made  to  approx- 
imate to  its  value,  by  observing  the  effects  of  its  attraction  on  one 
of  the  comets. 

2640.  Methods  of  determining  the  mass  of  the  moon.  —  Owing 
to  its  proximity  and  close  relation  to  the  earth,  and  the  many  and 
striking  phenomena  connected  with  it,  the  determination  of  the  mass 
of  the  moon  becomes  a  problem  of  considerable  importance.  There 
are  various  observable  effects  of  its  attraction  by  which  the  ratio  of 
its  mass  to  those  of  the  sun  or  earth  may  be  computed. 

2641.  1°.  By  nutation. — ^It  will  be  shown  hereafler  that  the  at- 
tractions of  the  masses  of  the  sun  and  moon  upon  the  protuberant 
matter  surrounding  the  equator  of  the  terrestrial  spheroid  produce 
a  regular  and  penodic  chauge  in  the  direction  of  the  axis  of  tbe 
earth,  and  consequentiy  a  corresponding  change  in  the  apparent 
place  of  the  celestial  pole.  The  share  which  each  mass  has  in 
these  effects  being  ascertained,  their  relative  attractions  exerted 
upon  the  redundant  matter  at  the  terrestrial  equator  is  found,  and 
the  effect  of  the  difference  of  distance  being  allowed  for,  the  ratio 
of  the  attracting  masses  is  obtained. 

2642.  2°.  By  the  tides.  — It  has  been  shown  (Chap.  X,),  that, 
by  the  attractions  of  the  masses  of  the  sun  and  moon,  the  tides  of 
the  ocean  are  produced.  The  share  which  each  mass  has  in  the  pro- 
duction of  these  effects  being  ascertained,  and  the  effect  of  the  dif- 
ference of  distance  being  allowed  for,  the  ratio  of  the  masses  of  the 
sun  and  moon  is  obtained. 

2643.  3°.  By  the  common  centre  of  gravity  of  the  moon  and 
the  earth.  —  It  has  been  stated  that  the  centre  of  attraction  round 
which  the  moon  moves  in  her  monthly  course  is  the  centre  of  the 
earth.  This  is  nearly,  but  not  exactly  true.  By  the  law  of  gravi- 
tation, the  centre  of  attraction  is  not  the  centre  of  the  earth,  but  the 
centre  of  gravity  of  the  earth  and  moon,  that  is,  a  point  whose  dis- 
tance from  the  centre  of  the  earth  has  to  its  distance  from  the  centre 
of  the  moon  the  same  ratio  as  the  mass  of  the  moon  has  to  the 
mass  of  tbe  earth  (309).  Around  this  point,  which  is  within  the 
surface  of  the  earth,  both  the  earth  and  moon  revolve  in  a  month, 
the  point  in  question  being  always  between  their  centres.  If,  then, 
the  position  of  this  point  can  be  found,  the  ratio  of  its  distances 
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finoin  the  centres  of  the  earth  and  moon  will  give  the  ratio  of  their 
masses. 

Now,  the  monthly  motion  of  the  earth  round  snch  a  centre  would 
Decessarilj  produce  a  corresponding  apparent  monthly  displacement 
of  the  sun.  Such  displacement^  though  small  (not  amounting  to 
more  than  a  few  seconds),  is  nevertheless  capahle  of  ohservation  and 
measurement.  The  exact  place  of  the  sun's  centre  being  therefore 
computed  on  the  supposition  of  the  absence  of  the  moon^  and  com- 
pared with  its  observed  place,  the  motion  of  the  earth's  centre  and 
the  position  of  the  point  round  which  it  revolves  has  been  deter- 
niinedi  and  the  relative  masses  of  the  earth  and  moon  thus  found. 

2644.  4**.  By  terrestrial  gravity,  —  By  what  has  been  already 
ezplainedy  the  space  through  which  the  moon  would  be  drawn  to- 
wards the  earth  in  a  given  time  by  the  earth's  attraction  can  be  de- 
termined. Let  this  space  be  expressed  by  s.  The  linear  velocity 
T  of  the  moon  in  its  orbit  can  also  be  determined.  NoW;  if  r  be 
the  radius  of  the  orbit;  we  shall  have  (2614) 

2  r  X  s  =  V", 
and  consequently 

v" 

We  find,  thereforey  the  radius  vector  of  the  moon's  orbit  by  divi- 
ding the  square  of  its  linear  velocity  by  twice  the  space  through 
which  it  would  fall  towards  the  earth  in  the  unit  of  time.  But  this 
radius  vector  is  the  distance  of  the  moon's  centre  from  the  common 
centre  of  gravity  of  the  earth  and  moon.  The  distance  of  that 
pointy  therefore,  from  the  centre  of  the  earth,  and  consequently  the 
ratio  of  the  masses  of  the  earth  and  moon,  will  be  thus  found. 

All  these  methods  give  results  in  very  near  accordance,  from 
which  it  is  inferred  that  the  mass  of  the  moon  is  not  less  than  the 
seventy-fifdi,  nor  greater  than  the  eightieth,  part  of  the  mass  of  the 
earth,  and  it  is  consequently  the  twenty-eighth  millionth  part  of  the 
mass  of  the  sun. 

2645.  To  determine  the  masses  of  the  satellites.  —  The  same  dif- 
ficulties which  attend  the  determination  of  the  masses  of  the  planets 
not  accompanied  by  satellites  also  attend  the  determination  of  the 
masses  of  satellites  themselves,  and  the  same  methods  are  applicable 
to  the  solution  of  the  problem.  The  masses  of  the  satellites  of  Ju- 
piter and  the  other  superior  planets  are  ascertained  in  relation  to 
those  of  their  primaries  by  the  disturbing  effects  which  they  produce 
upon  the  motions  of  each  other. 

2646.  To  determine  the  densities  of  the  bodies  of  {he  system,  — 
The  masses  and  volumea  being  ascertained,  the  densities  are  found 
by  dividing  the  masses  by  the  volumes.    Thus,  if  d  and  i/  be  the 
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denaties  of  the  earth  and  a  planet^  M  and  m'  their  masses,  and   V 

and  y'  their  volames^  we  shall  have 

M       M' 

D  :  D   : :  — :  -7. 

V     V 

2647.  Tfie  method  of  determining  the  superficial  gravity  on.  a 
body,  —  When  it  is  considered  how  important  an  element  in  all  the 
meohanical  and  physical  phenomena  on  the  sar£u)e  of  the  earth,  the 
intensity  of  gravity  at  the  surface  is,  it  will  he  easily  nnderstood 
that  in  the  investigation  of  the  superficial  condition  and  local  eoonom  j 
of  the  other  bodies  of  the  solar  system,  the  determination  of  the  in- 
tensities of  the  forces  with  which  they  attract  bodies  jdaced  on  or 
near  their  surfaces,  is  a  problem  of  considerable  interest 

If  the  mass  of  the  earth  be  exfHressed  by  M,  its  semidiameter  hy 
r,  and  the  force  of  gravity  on  its  surface  bv  g,  while  m',  t',  and  ^ 
express  the  same  physical  quantities  in  relation  to  any  other  body 
having  the  form  of  a  globe,  we  shall  have 

.mm' 

because,  by  the  general  law  of  gravitation,  the  force  is  in  the  direct 
ratio  of  the  masses  and  the  inverse  ratio  of  the  square  of  the  attracted 
body  from  their  centre,  and  in  this  case  the  attracted  body  being 
supposed  to  be  at  their  surfaces,  those  distanoes  will  be  their  semi- 
diameters. 
From  the  preceding  proportioB  may  be  inferred  the  formula 
^  _   M  ^ 

g^^  u'    "^    /»' 
by  which  the  superficial  gravity  may  always  be  computed  when  the 
ratios  of  the  masses  and  the  diameters  are  Known. 

2648.  Superficial  gravity  on  the  sun,  —  The  mass  of  tho  sun 
being  355^000  times  that  of  the  earth,  while  its  diametw  is  110 
times  that  of  the  earth,  we  shall  have 

.       -      355,000       ^^Q 
^=^^^^-'l2i00-  =  ^^®- 
It  appears,  therefore,  that  the  weight  of  a  body  placed  at  the  surfiuso 
of  the  sun  is  twenty>nine  times  its  weight  on  the  surikoe  of  the  earth. 

A  man,  whose  average  weight  would  bo  1}  cwt.  on  the  earth, 
would  weigh  2  tons  and  l-3d  if  transferred  to  the  surface  of  the  sun. 
The  human  frame,  organised  as  it  is,  would  be  crushed  under  its 
own  weight  if  removed  there. 

Muscular  force  is  therefore  29  times  more  efficacious  upon  the 
earth  than  it  would  be  upon  the  sun. 

2649.  Superficial  gravity  on  the  moon,  r-The  mass  of  the  moon 
has  been  ascertained  to  be  the  80th  part  of  that  of  the  earthy  while 
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tte  dumeter  of  tbe  moon  b  aboat  the  fourth  part  of  that  of  the 
earih.    We  haTe,  therefore,  in  the  case  of  the  moon^ 

80  that  the  roperfidal  gravity  on  the  moon  is  five  times  less  than  on 
Ifae  earth.  A  man  weighing  1*5  cwt.  on  the  earth  would  only  weigh 
0-3  cwt,  or  33 1  lbs.,  ir  transferred  to  the  moon. 

2650.  Classification  of  the  planets  in  three  growps,  —  FirH 
group — U^  terrestrial  planets. — Of  the  planets  hitherto  discov- 
ered, three  which  present  in  several  respects  remarkable  analogies 
to  the  earth,  and  whose  orbits  are  included  within  a  circle  which 
exceeds  the  earth's  distance  from  the  sun  by  no  more  than  one-half| 
have  been  from  these  circumstances  denominated  terrestrial 
PLANETS,  Two  of  thcsc,  Mercury  and  Venus,  revolve  within  the 
orbit  of  the  earth ;  and  the  third.  Mars,  revolves  in  an  orbit  outside 
that  of  the  earth,  its  distance  from  the  earth  when  in  opposition 
being  only  half  the  earth's  distance  from  the  sun. 

2651.  Second  group  —  ^e  planetoids, — A  chasm  having  a 
width  measuring  little  less  than  four  times  the  earth's  distance, 
separated,  for  many  ages  after  astronomy  had  made  considerable 
progress,  the  terrestrial  planets  from  the  more  remote  members  of 
the  system.  The  labours  of  observers  during  the  last  half  century, 
but  chiefly  during  the  last  seven  years,  have  filled  this  chasm  with 
no  less  than  twenty-three  planets,  distinguished  from  all  the  other 
Wies  of  the  system  by  their  extremely  minute  magnitudes,  and  by 
the  circumstance  of  revolving  in  orbits  very  nearly  equal.  These 
Wies  have  been  distinguished  by  the  name  of  asteroids  or  plan- 
etoids, the  latter  being  preferable  as  the  most  characteristio  and 
appropriate. 

2652.  Third  group — the  major  planets, — Outside  the  planetoids, 
&Qd  at  enormous  distances  from  the  sun  and  from  each  other,  revolve 
foar  planets  of  stupendous  magnitude — named  Jupiter,  Saturn, 
IIranus,  and  Neptune:  the  two  former  being  visible  to  the  naked 
®ye,  were  known  to  the  ancients ;  the  two  latter  are  telescopic,  and 
were  discovered  in  modem  times. 
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CHAP.  XIIL 

THE  TERRESTRIAL  PLANETS. 

I.  Mercury, 

2653.  Period,  —  The  nearest  of  the  planets  to  the  sun,  and  that 
which  completes  its  revolution  in  the  shortest  time,  is  Mercury. 
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The  synodic  period  of  this  planet|  determined  by  immediate  ob* 
servatioD;  is  116*88  days.  Henoe  we  shall  have  by  the  formula 
(2589) 

11  1  1 

p  ■"  115-88   "*■   365-25  ""  87-98 
The  period  of  Mercury  is,  therefore,  87-98,  or  veiy  nearly  88  days. 

By  methods  of  calculation  susceptible  of  still  greater  precisioii, 
the  period  is  found  to  be  87*97  days. 

If  the  earth's  period  be  expressed  by  1|  that  of  Mercury  will^ 
therefore,  be  0*2408. 

2654.  Heliocentric  and  synodic  motions. — The  mean  daily  helio- 
centric motion  is,  therefore  (2568), 

.=  l|6|?  =  14732".5  =  245'-5  =  40.092. 

The  mean  daily  synodic  motion  is  (2569) 

tf  =  a  -  f  =  14732"-5  -  3548"-2  » 11184"-8  =  186H  =  S^-ll. 

2655.  Distance  determined  hy  greatest  elongation,  —  Owing  to 
the  ellipticity  of  the  planet's  orbit,  its  greatest  elongation  is  subject 
to  some  variation.  Its  mean  amount  is,  however,  about  22^*5.  If 
the  radius  r  of  the  planet's  orbit,  drawn  from  the  sun  to  the  planet 
at  the  point  of  its  greatest  elongation,  were  the  arc  of  a  circle,  having 
the  earth's  distance  from  the  sun  as  radius,  we  should  have  (2294) 

.  =  95^000  ^22«'-6  =  87,303,000  mUes. 

But  the  radius  r  being,  in  fact,  the  sine  of  22^*5,  and  not  the  arc 
itself,  the  value  of  r  is  a  little  less,  being  about  36f  millions  of  miles. 

2656.  By  the  harmonic  law.  —  If  r  express  the  distance  of  the 
planet,  that  of  the  earth  being  1,  we  shall  have  (2621) 

t^=  0-2408«=  0-387*. 
The  distance  of  the  planet  is,  therefore,  0*387.     But  the  mean  dis- 
tance of  the  earth  being  95  millions  of  miles,  we  shall  have  for  the 
mean  distance  of  the  planet 

/  =  95,000,000  X  0-387  =  36,770,000  miles. 

2657.  Mean  and  extreme  distances  from  the  earth.  — The  eccen- 
tricity of  the  orbit  of  Mercury  is  much  more  considerable  than 
those  of  the  planets  generally,  being  a  little  more  than  0*2,  ex- 
pressed in  parts  of  the  mean  distance.  The  distance  of  the  planet 
from  the  sun  is,  therefore,  subject  to  a  variation,  amounting  to  so 
much  as  a  fifth  part  of  its  mean  value.  The  greatest  find  least  dis- 
tances from  the  sun  are,  therefore, 

36|  +  7i  =  43^  millions  of  miles  in  aphelion. 
3G}-7i=29j  «  •<  perihelion. 
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The  distance  is,  therefore,  subjeot  to  a  variatioo  in  the  ratio  of  5  to 
7  Tery  ne&rl  j.  * 

The  mean  distances  of  Uie  planet  from  the  earth  are^  theieforoy 
95  —  36}  =   59}  milL  of  miles  at  inf.  oonj. 
95  +  36}  ==  131}        «        "        sup.  conj. 
These  distances  are  subject  to  an  increase  and  diminution  of  seven 
nd  one-third  millions  of  miles  due  to  the  eccentricity  of  the  orbit 
of  the  planet,  and  one  million  and  a  half  of  miles  due  to  the  eocen- 
tridty  of  the  orbit  of  the  earth. 

2668.  Scale  of  the  orbit  relatively  to  that  of  the  earth,  — The 
orbit  of  Mercury  and  a  part  of  that  of  the  earth  are  exhibited  on 
their  proper  scale  in^.  746,  where  s  s  is  the  earth's  distance  from 

the  BUD,  and  mm!' m  the  orbit  of 
the  pknet  The  lines  s  m"  drawn 
from  the  earth  touching  the  orbit  of 
the  planet  determine  the  positions 
of  the  planet  when  its  elongation  is 
greatest  east  and  west  of  tne  sun. 
The  points  m  are  the  positions  of 
the  planet  at  inferior  and  superior 
conjunction. 

2659.  Apparent  motion  of  the 
pUmeL  —  The  effects  of  the  combi- 
nation of  the  orbital  motions  of  the 
planet  and  the  earth  upon  the  appa- 
rent place  of  the  planet  will  now  be 
easily  comprehended. 

Since  the  mean  value  of  the 
greatest  elongation  m"E8=22}**, 
Sie  arc  m  m"  =  67}°,  and  therefore 
m"  m  m"==  67}°  x  2  =  135°.  The 
times  of  the  greatest  elongations 
^^t  and  west  therefore  divide  the  whole  synodic  period  into  two 
unequal  parts,  in  one  of  which,  that  from  the  greatest  elongation 
east  through  inferior  conjunction  to  the  greatest  elongation  west,  the 
planet  gains  upon  the  earth  135° ;  and  in  the  other,  that  frt>m  the 
greatest  elongation  west,  through  superior  conjunction  to  the  greatest 
^longation  east,  it  gains  360°  — 135°  =■  225°.  Since  the  parts 
into  which  the  synodic  period  is  thus  divided  are  proportional  to 
these  angles,  they  will  be  (taking  the  synodic  period  in  round  num- 


Fig.  746. 


^rsas  116  days), 


m. 


1QK 

g-g^X  116  =  431  days; 

gjxll6=72}day8. 
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And  sinoe  tbe  former  interral  is  diyided  equally  bj  tbe  epoch  of 
inferior,  and  the  latter  by  tbe  epoch  of  superior,  conjunction,  it  fol- 
lows, that  the  intervals  between  inferior  conjunctiou  and  greaiGst 
elongation  are  21  f  days,  and  the  intervals  between  superior  con- 
junction and  greatest  elongation  are  36(  days. 

The  interval  between  the  times  at  which  the  planet  is  stationary^ 
before  and  after  inferior  conjunction,  is  subject  to  some  variatioa, 
owing  to  the  eccentricities  of  the  orbits  both  of  the  planet  and  the 
earth,  but  chiefly  to  that  of  the  planet's  orbit,  which  is  consider- 
able. If  its  mean  value  be  taken  at  22  days,  the  angle  gained  by 
the  pUinet  on  the  earth  in  that  interval  being 

8^11  X  22  r=  68^-4, 

the  angular  distances  of  the  points  at  which  the  planet  is  stataonary 
from  inferior  conjunction  as  seen  from  the  sun  would  be  34^*2, 
which  would  correspond  to  an  elongation  of  about  21^,  as  seen  from 
the  earth.  This  result,  however,  is  subject  to  very  great  variation, 
owing  to  the  eccentricity  of  the  planet's  orbit  and  other  causes. 

2660.  Conditions  which  favour  the  observation  of  an  inftrwr 
planet.  —  These  conditions  are  threefold;  1.  The  magnitude  of 
that  portion  of  the  enlightened  hemisphere  which  is  presented  to 
the  earth.  2.  The  elongation.  8.  The  proximity  of  the  planet  to 
the  earth. 

Since  it  happens  that  the  positions  which  render  some  of  these 
conditions  most  favourable  render  others  less  so,  the  determination 
of  the  position  of  greatest  apparent  brightness  is  somewhat  compli- 
cated. When  the  planet  is  nearest  to  the  earth,  its  dark  hemi- 
sphere is  presented  towards  us  (2595);  besides  which,  being  in 
inferior  conjunction,  it  rises  and  seta  with  the  sun,  and  is  only  pre- 
sent in  the  day-time.  At  small  elongations  in  the  inferior  part  of 
the  orbit,  its  distance  from  the  earth  is  not  much  augmented,  but 
it  is  still  overpowered  by  the  sun's  light,  and  would  only  appear  as 
a  thin  crescent  when  it  would  be  possible  to  see  it  At  the  greatest 
elongation,  when  it  is  halved,  it  is  most  removed  from  the  inter- 
ference of  the  sun,  but  is  brightest  at  a  less  elongation,  even  though 
it  moves  to  a  greater  distance  from  the  earth,  since  it  gains  more  by 
the  increase  of  its  j^iase  than  it  loses  by  increased  dbtauce  and 
diminished  elongation. 

Owing  to  the  very  limited  elongation  of  Mercury,  that  planet, 
even  when  its  apparent  distance  from  the  sun  is  greatest,  sets  in  the 
evening  long  before  the  end  of  twilight;  and  when  it  rises  before 
the  sun,  the  latter  luminary  rises  so  soon  after  it,  that  it  is  never 
free  from  the  presence  of  so  much  solar  light  as  to  render  it  ex- 
tremely difficult  to  see  the  planet  with  the  naked  eye. 

In  these  latitudes,  Mercury  is  therefore  rarely  seen  with  the 
naked  eye.     It  ia  said  that  Copernicus  himself  never  saw  thii 
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planet ;  a  drcunstance  which,  however,  may  have  been  owinff,  in  a 
^'neat  degree,  to  the  unfavourable  climate  in  which  he  resided.  In 
lower  latitudes,  where  the  diurnal  parallels  are  more  nearly  vertical 
and  the  atmosphere  less  clouded,  it  is  more  frequently  visible,  and 
there  it  is  more  conspicuous,  owing  to  the  short  duration  of  twi- 
light. 

2661.  Apparent  diameter^  —  its  mean  and  extreme  values.  ^^ 
Owing  to  the  variation  of  the  planet's  distance  from  the  earth,  its 
apparent  diameter  is  subject  to  a  corresponding  change.  At  its 
greatest  distance  it«  apparent  diameter  is  4}'',  and  at  its  least  dis- 
tance Hi",  its  valne  at  the  mean  distance  being  6}". 

The  apparent  diameter  of  the  moon  being  familiar  to  every  eye, 
ropplies  a  convenient  and  instructive  comparison  by  which  the  ap- 
parent magnitudes  of  other  objects  may  be  indicated,  and  we  shall 
refer  to  it  frequently  for  that  purpose.  The  disk  of  the  full  moon 
mbtends  an  angle  of  ISOC  to  the  eye.  It  follows,  therefore,  that 
the  apparent  diameter  of  Mercury,  when  it  appears  as  a  thin  crescent 
near  inferior  conjunction,  is  about  the  150th  part,  near  the  greatest 
elongation  it  is  the  280th  part,  and  near  superior  conjunction  the 
400th  part,  of  the  apparent  diameter  of  the  moon.  With  a  mag- 
nifying power  of  140,  it  would  therefore,  at  its  greatest  elongation, 
appear  with  a  disk  half  the  apparent  diameter  of  the  moon. 

2662.  Reed  diameter,  —  The  distance  of  Mercury  in  inferior  con- 
junction being  86}  millions  of  miles,  the  linear  value  of  1"  at  it 
then  is  (2298) 

5?!?^^«  =  287-2  miles. 
206,266  ' 

At  this  distance  its  apparent  diameter  is  Hi" ;  and  if  i/  express  its 
real  diameter,  we  shall  have 

t/  =  287-2  +  11-26  =  3231  miles. 

Other  observations  make  the  diameter  somewhat  less,  and  fix  it  at 
2950  miles. 

2663.  Fo/ttme.  — If  V  express  the  volume,  that  of  the  earth 
^ii^g  V>  ire  shall  have 

y  _  p^  _  /323iy i_ 

V  ""  D»  ""  ^71>12^  ■"  14-6 

The  volume  b  therefore  less  than  the 
14th  part  of  that  of  the  earth.  If  the 
lesser  estimate  of  the  diameter  of  Mercury 
be  adopted,  it  will  follow  that  its  volume  is 
about  the  17th  part  of  that  of  the  earth. 
The  relative  volumes  are  represented  by  M 
and  B,  fig.  747. 
Fif.  7i7.  2664.  Mau  and  demit^.  —  Some  uncdv» 
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tointy  has  hitherto  attended  the  calculation  of  the  density  and  mass 
of  this  planet,  owing  to  the  absence  of  a  satellite.  The  distorb- 
ances  produced  by  it  upon  the  motion  of  Eocke's  comet  (a  body 
which  will  be  described  in  another  chapter)  havC;  however,  supplied 
the  means  of  a  closer  approximation  to  it.  By  this  means  it  has 
been  found  that  if  m'  express  the  mass  of  the  planet  and  M  that  of 
the  earth,  we  shall  have 

M^_  100 

M  "  1226 

so  that  the  mass  is  12(  times  less  than  that  of  the  earth. 

If  d!  and  d  expreBB  the  densities  of  the  phinet  and  the  earth,  we 
ahall  therefore  have 

£_m;      V  _J[00^^  11I-.11Z2-10A 
d  "  M  ^  y  ""  1225       10  "  1225  " 

Other  estimates  make  it  1*12.  So  that  it  may  be  inferred  that  the 
density  of  Mercuiy  exceeds  that  of  the  earth  by  an  eighth  to  a 
fifth. 

2665.  Superficial  gravity,  —  If  ^  express  the  force  of  grayitj 
on  the  surfiuM  of  Mercury,  g  being  the  force  on  the  surface  of  the 
earthy  we  shall  have  (2639) 

^  =  —  X  -T-  =  0-5. 

^         M         D» 

The  superficial  gravity  is  therefore  only  half  the  same  force  on  the 
earth.  Muscular  and  other  forces  not  depending  on  weight  are 
therefore  twice  as  efficacious.  The  height  through  which  a  body 
would  fall  in  a  second  would  be  96}  inches,  or  a  little  more  than 
eight  feet 

2666.  Sclar  light  and  heat  —  The  apparent  magnitude  of  the 
sun  is  greater  than  upon  the  earth,  in  the  same  ratio  as  the  distance 
is  less;  and  owing  to  the  considerable  elliptidty  of  Mercury's  orbit, 
it  has  apparent  magnitudes  sensibly  different  in  different  parts  of 
Mercury's  year.  The  apparent  diameter  of  the  sun  as  seen  from  the 
earth  being  30^,  its  apparent  diameter  seen  firom  Mercury  will  be 

in  perihelion       80'  X  ^  =  92'-5, 
in  apheUon  30^  X  ^  =  64'-2, 

at  mean  distance  80'  X  -^o^  =  78'. 

Thus  the  apparent  diameter  when  least  is  twice,  and  when  greatest 
three  times,  that  under  which  the  sun  appears  from  the  earth. 
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In  fig,  748,  9,  the  relative  apparent  magaitades  of  the  soiiy  as 
sen  from  the  eaxth  and  from  Mercury,  at  the  mean  diBtanoe  and 


^.748. 


Fig.  749. 


extreme  distances,  are  represented  at  s,  M,  m',  and  m".  If  e  be 
sapposed  to  represent  the  apparent  disk  of  the  sun  as  seen  from  the 
earth,  M  will  represent  it  as  it  appears  to  Mercury  at  the  mean  dis- 
tance, m'  at  aphelion  and  m"  at  perihelion. 

Since  the  illuminating  and  heating  power  of  the  sun's  rays,  what- 
ever be  the  physical  condition  of  the  surface  of  the  planet,  must 
yary  in  the  same  proportion  as  the  apparent  area  of  the  sun's  disk, 
it  follows,  that  the  light  and  warmth  produced  by  the  sun  on  the 
Bar&ce  of  the  planet  will  be  greater  in  perihelion  than  in  aphelion, 
in  the  ratio  of  9  to  4,  and,  consequently,  there  must  be  a  succession 
of  seasons  on  this  planet,  depending  exclusively  on  the  elliptioity 
of  the  orbit,  and  having  no  relation  to  the  direction  of  its  axis  of 
rotation  or  the  position  of  the  plane  of  its  equator  with  relation  to 
that  of  its  orbit.  The  passage  of  the  planet  through  its  perihelion 
must  produce  a  summer,  and  its  passage  through  aphelion  a  winter, 
the  mean  temperature  of  the  former  cetefi'u  parihtti  being  above 
twice  that  of  the  latter. 

If  the  axis  of  the  planet  be  inclined  to  the  plane  of  its  orbit, 
another  succession  of  seasons  will  be  produced,  dependent  on  such 
inclination  and  the  position  of  the  equinoctial  points.  If  these 
points  coincide  with  the  apsides  of  the  orbit,  the  summers  and  win- 
ters arising  from  both  causes  will  either  respectively  coincide,  or  the 
^mmer  from  each  cause  will  coincide  with  the  winter  from  the 
other.  In  the  former  case,  the  intensities  of  the  seasons  and  their 
extreme  temperatures  will  be  augmented  by  the  coincidence,  and  in 
the  latter  they  will  be  mitigated ;  the  summer  heat  from  each  cause 
tempering  the  winter  cold  from  the  other. 

If,  on  the  other  hand,  the  line  of  apsides  be  at  right  angles  to 
the  direction  of  the  equinoxes,  the  summer  and  winter  from  each 
cause  will  correspond  with  the  spring  and  autumn  from  the  other, 
and  a  curious  and  complicated  succession  of  seasons  must  ensue, 
depending  on  the  degree  of  obliquity  of  the  axis  of  the  planet, 
compared  with  the  effects  of  the  eccentricity  of  its  orbit. 

In  comparing  the  calorific  influence  of  the  sun  on  Mercury  and 
25* 
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the  earthy  it  must  be  remembered  tbat  tbe  actnal  temperatare  pro- 
duced by  the  solar  rays  depends  on  the  density  of  the  atmosphere 
through  which  they  pass,  by  which  the  heat  is  collected  and 
diffused.  The  density  of  the  sun's  rays  above  the  snow-line  in  the 
tropics  is  as  great  as  at  the  level  of  the  sea,  but  the  temperatures 
of  the  air  and  surrounding  objects  are  extremely  diffiarent  Not- 
withstanding,  therefore,  the  greater  density  of  the  solar  rays,  tbe 
atmospheric  conditiona  of  the  planet  may  be  such  that  the  superfi- 
cial temperature  may  not  be  diffe^nent  from  that  of  the  earth. 

The  intensity  of  the  solar  light  must  be  grater  than  at  the  eftrtb 
in  the  ratio  of  four  to  one  when  the  planet  is  in -aphelion,  and  nine 
to  one  when  in  perihelion.  Its  effects  on  vision,  however,  may  be 
rendered  the  same  by  the  mere  adaptation  of  the  contractile  power 
of  the  pupil  of  the  eye.     (1129.) 

2667.  Method  of  ascertaining  the  diurnal  rotation  of  the 
planeU.  —  One  of  the  most  interesting  objects  of   telescopic  in- 

auiry  regarding  the  condition  of  the  planets  is,  the  question  as  to 
beir  diurnal  rotation.  In  general,  the  manner  in  which  we  should 
seek  to  ascertain  this  &ct  would  be,  by  examining  with  powerful 
telescopes  the  marks  observable  upon  the  disk  of  the  planet.  If 
the  planet  revolve  upon  an  axis,  these  marks,  being  carried  round 
with  it,  would  appear  to  move  across  the  disk  from  one  side  to  the 
otiier ;  they  would  disappear  on  one  side,  and,  remaining  for  a  cer- 
tain time  invisible,  would  reappear  on  the  other,  passing,  as  before, 
across  the  visible  disk.  Let  any  one  stand  at  a  distance  from  a 
common  terrestrial  globe,  and  let  it  be  made  to  revolve  upon  its 
aids :  the  spectator  irill  see  the  geographical  marks  delineated  on  it 
pass  across  the  hemisphere  which  is  turned  towards  him.  They  will 
successively  disappear  and  reappear.  The  same  effects  must,  of 
course,  be  expected  to  be  seen  upon  the  several  planets,  if  they 
have  a  motion  of  rotation  resembling  the  diurnal  motion  of  our 
globe. 

2568.  DifvcvJUy  of  this  question  in  the  case  of  Mercury.  —  This 
is  a  species  of  observation  which  has  not  yet  been  successfully 
made  in  the  case  of  Mercury.  Sir  John  Herschel,  who  has  en- 
joyed more  than  common  advantages  for  telescopic  observation 
under  different  climates,  affirms,  that  little  more  can  be  certoinly 
affirmed  of  Mercury  than  that  it  is  globular  in  form,  and  exhibits 
phases,  and  that  it  is  too  small  and  too  much  lost  in  the  constant 
and  close  effulgence  of  the  sun  to  allow  the  further  discovery  of  its 
physical  condition.  Other  observers,  however,  claim  the  discovery 
of  indications  not  only  of  rotation  but  other  physical  characters. 
Schr6ter  says,  that  by  examining  daily  the  appearance  of  the  cusps 
of  the  crescent  he  ascertained  tbat  it  has  a  motion  of  rotation  in 
24^  6--  28'-. 

Alleged  discovery  of  mountains, — The  same  observer 
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ebdnw  the  disooyery  of  moantains  od  Mercury,  and  even  assignfl 
their  height,  estimatiDg  one  at  2132  yards,  and  another  18,978 
yards. 

These  observations,  not  haying  been  confirmed,  moat  be  considered 
ipocfaryphaL 

II.  Venus. 

2670.  Period.  — The  next  planet  proceeding  oatwards  from  the 
ran  is  Venua,  which  revolves  in  an  orbit  within  that  of  the  earth, 
and  vhicb,  after  the  snn  and  moon,  is  the  most  splendid  object  in 
ihe  firmament. 

The  synodic  period,  ascertained  by  observation,  is  584  days.  Her 
period  deduced  from  this  (2589)  is,  therefore, 

1^__^ 1^_  J_ 

p  "  365  25      584  ""  225' 

By  the  other  methods  it  is  more  exactly  determined  to  be  224*7 
days. 

If  the  earth's  period  be  taken  as  the  unit,  that  of  Venus  will, 
therefore,  be  0-61. 

2671.  Helioccatric  and  synodic  motions,  —  The  mean  daily 
heliocentric  motion  of  Venus  is,  therefore  (2568), 

.  =  ^^  =  5768"=96'13  =  P.6. 

and  the  mean  daily  synodic  motion  is  (2569) 

tf  =  a  —  •  =  5768"  —  3548"  =  2220"  =  37'. 

2672.  Distancef  by  greatest  elongation,  —  The  mean  amount  of 
greatest  elongation  of  Venus  being  found  by  observation  to  be  about 
45^  or  46^,  it  follows  that  in  that  position  lines  drawn  to  the  earth 
and  sun  from  the  planet  would  form  the  sides  of  a  square,  of  which 
the  earth's  distance  from  the  sun  is  the  diagonal.  If,  therefore,  the 
<i>^h'B  distance  be  expressed  by  1*0000,  Uiat  of  Venus  would  be 

-0-7071. 

3673.  By  the  harmonic  law, — If  r  express  the  mean  distance  of 
tbe  pkinet  from  the  sun  (2621),  we  have 

r»=0-61»=0-719». 
Therefore  r  =  0*719 ;  and  since  the  mean  distance  of  the  earth  is 
85  millions  of  miles,  we  shall  have 

t^  =  95,000,000  X  0*719  =  68,300,000. 

By  more  exact  methods  the  distance  is  found  to  bo  68}  millions  of 
miles. 
2674.  Mean  and  extreme  distances  from  the  earth. — Its  distances 
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from  the  earth  at  iDferior  conjunction,  greatest  eloDgation,  and  sa  - 
perior  conjunction,  are  therefore 

26,250,000  miles  at  inf  con.    - 
65,000,000  miles  at  greatest  eloog. 
163,750,000  miles  at  super,  con. 
The  eccentricity  of  the  orhit  of  Venus  being  less  than  0-007, 
these  distances  are  subject  to  very  little  variation  from  that  cause. 
The  extreme  distance  of  the  planet  from  the  sun  will  be 
68}  —  Oi  =  68i  millions  of  miles  in  perihelion, 
68} +  04  =  69  J      «  "         aphelion. 

These  distances  of  the  planet  from  the  earth  are  subject  therefore 
to  an  increase  and  diminution,  amounting  to  half  a  million  of  miles, 
due  to  the  eccentricity  of  the  planet's  orbit,  and  one  and  a  half 
million  of  miles  due  to  that  of  the  earth's  orbit 

2675.  Scale  of  the  orbit  relative  to  that  of  the  earth, — ^The  rela- 
tion of  the  orbit  of  Venus  to  the 
earth  is  represented  in  Jig.  750, 
where  be  represents  the  earth's 
distance  from  the  sun,  and  vsv 
the  mean  diameter  of  the  planet's 
orbit  on  the  same  scale.  The 
angles  s  e  v"  represent  the  great- 
est elongation  of  the  planet,  which 
is  about  46''.  The  lesser  elon- 
gations  t/"  e  s  are  those  at  which 
the  planet  appears  with  less  than 
a  full  disk,  or  gibbous,  as  at  i/", 
or  as  a  crescent,  as  at  t/.  (2595 .) 
2676.  Apparent  motion.  — 
Since  the  mean  value  of  the 
greatest  elongation  is  ascertained 
to  be  46^,  the  ansle  at  the  sun, 
t/'  8  B  =  44°,  and  consequently 
the  angle  t/'si/',  included  be-^ 
tween  the  greatest  elongations 


Fig.  760. 


east  and  west,  is  88°.  Since  the  time  taken  by  the  planet  to  gain 
this  angle  upon  the  earth  bears  the  same  ratio  to  the  synodic  period 
as  this  angle  bears  to  360°,  the  intervals  into  which  the  synodic 
period  is  divided  by  the  epochs  of  greatest  elongation,  are 

88 
g^  X  584  =  142-8  days. 
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—  X  584  =  441-2  days. 
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He  iDtervals  between  inferior  oonjanetion  and  greatest  elongation 
ire  therefore  71 1  days,  and  the  intervals  between  superior  conjunc- 
tion and  greatest  elongation  are  220^  days. 

2677.  Stations  and  retrogression,  —  From  a  comparison  of  the 
orbital  motions  and  distances  of  the  earth  and  planet,  it  is  found 
that  the  epochs  at  which  it  is  stationary  are  about  twenty  days  bo- 
fore  and  after  inferior  oonjanetion.  Now,  since  the  planet  gains 
0® -61  per  day  upon  the  eiirth,  this  interval  corresponds  to  an  an^e  of 

20  X  0^-61  =  12^-2, 

at  the  snn,  which  corresponds  to  an  elongation  of  25^. 
The  arc  of  retrogression  is  little  less  than  a  degree. 

2678.  Conditions  whick  favour  the  observation  of  Venus. — ^This 
planet  presents  itself  to  the  observer  under  conditions  in  many  re- 
spects more  favourable  for  telescopic  examination  than  Mercury. 
The  actual  diameter  of  Venus  is  more  than  twice  that  of  Mercury. 
It  approaches  nearer  to  the  earth  in  the  inferior  part  of  its  orbit  in 
the  ratio  of  13  to  30.  It  elongates  itself  from  the  sun  to  the  dis- 
tance of  46^,  while  the  elongation  of  Mercury  is  limited  to  22 1^. 
The  latter  is  never  seen,  except  in  strong  twilight  Venus,  espe- 
dally  in  the  lower  latitudes,  is  seen  at  a  considerable  elevation  long 
after  the  cessation  of  evening  and  before  the  commencement  of 
morning  twilight,  and  when  she  has  a  gibbous  or  a  crescent  phase. 
The  planet  appears  brightest  when  its  elongation  is  about  40^  in  the 
superior  part  of  her  orbit. 

2679.  Evening  and  morning  star.  —  Lucifer  and  Hespents,  — 
This  planet  for  these  reasons  is,  next  to  the  sun  and  moon,  the  most 
ccmspicnous  and  beautiful  object  in  the  firmament  When  it  has 
western  elongation,  it  rises  before  the  sun,  and  is  called  the  morn- 
ing STAR.  When  it  has  eastern  elongation,  it  sets  after  Uie  sun, 
and  is  called  the  sykninq  star. 

The  ancients  gave  it,  in  the  former  position,  the  name  LuoirxR 
(the  harbinger  of  day),  and  in  the  latter  Hespkrus. 

2680.  Apparent  diameter, — Owin^  to  the  great  difference  be- 
tween its  distance  from  the  earth  at  inferior  and  superior  conjunc- 
tions, the  apparent  diameter  of  this  planet  varies  in  maffnitude 
within  wide  limits.  At  superior  conjunction  it  is  only  ICr,  from 
which  to  inferior  conjunction  it  gradually  enlarges  until  it  becomes 
62^,  and  in  some  positions  even  so  much  as  76".  At  its  greatest 
elongation  its  apparent  diameter  is  about  25",  and  at  its  mean  dis- 
tance 16}". 

Thus,  when  the  planet  appears  as  a  thin  crescent  immediately  be- 
fore or  after  inferior  conjunction,  the  magnitude  is  such  that  the 
line  joining  the  cusps  is  the  30th  part  of  the  line  joining  the  cusps 
of  the  crescent  moon,  and  a  telescope  baring  a  magnifying  power 
no  greater  than  30  will  show  it  with  an  apparent  siae  equal  to  that 
of  Uie  crescent  moon  to  the  naked  eye. 
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At  or  near  the  greatest  elongation  it  requires  a  magnifying  power 
of  70,  and  near  superior  conjunction  one  of  180,  to  produce  a  like 
effect. 

2681.  Diffiadties  attending  the  teletcapic  observcUums  of  Venus, 
—  Notwithstanding  this,  the  greatest  difficulties  have  attended  the 
telescopic  observation  of  this  planet  Its  intense  lustre  dazzles- the 
eye,  and  aggravates  all  the  optical  imperfections  of  the  instrument. 

The  low  altitudes  at  which  the  observafions  are  generally  made 
constitute  another  difficulty,  the  irregular  effects  of  refraction  inter- 
fering materially  with  the  appearance.  Borne  observers  have  con- 
sequently contended  that  the  best  position  for  observations  upon  it 
is  near  superior  conjunction,  when  its  phase  is  full,  and  when  by 
proper  expedients  it  may  be  observed  at  midday  within  a  few  de- 
grees of  the  sun's  disk. 

2682.  Real  diameter,  —  The  linear  value  of  1"  at  Venus,  when 
she  appears  as  a  thin  crescent  near  her  inferior  conjunction^  is 

26,250,000       ,^^^     ., 
.^gg^==  127-2  miles. 

At  this  distance  her  apparent  diameter  is  61" ;  and  if  i/  express 
her  real  diameter,  we  shall  have 

d'  =  127-2  X  61  =  7760  miles. 
The  magnitude  of  Venus  is,  therefore,  nearly  equal  to  that  of  the 
earth. 

2683.  Mass  and  density, — ^By  the  methods  explained  in  (2639), 
it  has  been  ascertained  that  the  mass  of  Venus  is  greater  than  that 
of  the  earth  in  the  ratio  of  113  to  100 ;  and  as  the  volumes  are 
nearly  equal,  their  densities  are  also  nearly  equal. 

2684.  Superficial  gravity.  —  All  the  conditions  which  affect  the 
gravity  of  bodies  on  the  surface  of  Venus  being  the  same,  or  nearly 
so,  as  those  which  affect  bodies  on  the  earth,  the  superficial  gravity 
is  nearly. the  same. 

2685.  Solar  light  and  heat.  —  The  density  of  the  solar  rays  is 
greater  than  upon  the  earth  in  the  inverse  ratio  of  the  squares  of 
the  numbers  7  and  10,  which  express  their  distances  from  the  sun. 
The  intensity  is,  therefore,  greater  at  Venus  in  the  ratio  of  2  to  1. 

The  relative  apparent  magnitudes  of  the  sun's  disk  at  Venus  and 
the  earth  are  represented  at  t  and  e,  Jig.  751.     Owing  to  the 

very  small  eccentricity  of  the 
orbit,  this  magnitude  is  not  sub- 
ject to  any  very  sensible  varia- 
tion. 

2686.   Rotatum  —  prabahU 

Fig.  761.  mountains.  —  Although  there  is 

very  little  doubt  of  the  fact  Uiat 

this  planet  has  a  diurnal  rotation  analogous  to  that  of  the  earthy  the 
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obserratioDB  which  might  haye  heen  expected  to  demonstrate  it  ia  a 
ntia&0torj  manner  have  been  obstructed  by  the  causes  already  no- 
ticed (2681).  Neyortheless,  Cassini,  in  the  17th  century ,  and 
Schrdter,  towards  the  close  of  the  ISth,  with  instruments  very  infe- 
lior  to  the  telescopes  of  the  present  day,  deduced  from  the  phases 
a  period  of  rotation  in  complete  accordance  with  the  results  of  the 
most  recent  observations. 

These  astronomers  foond  that  the  points  of  the  horns  of  the 
crescent  observed  between  inferior  conjunction  and  greatest  elonga- 
tion appeared  at  certain  moments  to  lose  their  sharpness,  and  to 
become  as  it  were  blunted.  This  appearance  was,  however,  of  very 
fihort  duration,  the  bom  after  some  minutes  always  recovering  its 
Bhtrpness.  Such  an  effect  would  obviously  be  produced  by  a  local 
irresolarity  of  surface  on  the  planet,  such  as  a  lofty  mountain,  which 
woold  throw  a  long  shadow  over  that  part  of  the  surface  which 
would  form  tlTe  point  of  the  horn.  Now,  admitting  this  to  be  the 
cause  of  the  phenomenon,  it  ought  to  be  reproduced  by  the  same 
mountain  at  equal  intervals,  this  interval  being  the  time  of  rotation 
of  the  planet.  Such  a  periodical  recurrence  was  accordingly  as- 
certained. 

2687.  Observations  of  Casaini,  JETenchel,  and  Schroter.  —  From 
^^  observations  the  elder  Cassini,  so  early  as  1667,  inferred  the 
time  of  rotation  of  the  planet  to  be  23*-  16"-,  a  period  not  very  dif- 
ferent from  that  of  the  earth.  Soon  after  this,  Bianchini,  an  Italian 
tttnmomer,  published  a  series  of  observations  tending  to  call  in 
^bt  the  result  obtained  by  Cassini,  and  showing  a  period  of  576 
hoQiB.  Sir  William  Herschel  resumed  the  subject,  aided  by  his 
powerful  telescopes,  in  1780,  but  without  arriving  at  any  satisfactory 
'caolt,  except  the  fact  that  the  planet  is  invested  with  a  very  dense 
atmosphere.  He  found  the  cusps  (contrary  to  the  observations  of 
Caasmi,  and,  as  we  shall  see,  of  more  recent  astronomers)  always 
sharp,  and  free  from  irregularities.  SohrOter  made  a  series  of  most 
elaborate  observations  on  this  planet,  with  a  view  to  the  determina- 
^  of  its  rotation.  He  considered  not  only  that  he  saw  periodical 
changes  in  the  form  of  the  points  of  the  horns,  but  also  spots,  which 
luul  sufficient  permanency  to  supply  satisfactory  indications  of  rota^ 
tioQ.  From  such  observations  he  inferred  the  time  of  rotation  to  be 
23*^  21"-  7-98"*.  From  observationB  upon  the  horns,  he  inferred 
^  that  the  southern  hemisphere  of  the  planet  was  more  mountain- 
ous than  the  northern  ^  and  he  attempted,  from  observations  on  the 
UttDtnees  periodically  produced  on  the  southern  point  of  the  crescent, 
^  estimate  the  height  of  some  of  the  mountains,  which  he  inferred 
to  amount  to  the  almost  incredible  altitude  of  twenty-two  miles. 

2688.  OhservaUons  of  MM,  Beer  and  Madler  —  time  of  rota- 
tion,—  Although  the  estimate  of  the  planet's  rotation  resulting  from 
tite  observatiQns  of  Schroter^  corroborating  those  of  Cassini,  has  been 
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geoerally  accepted  by  the  scientific  world,  the  qaestion  was  not  re- 

farded  as  definitely  settled ;  and  a  series  of  obserrations  was  made 
y  MM.  Beer  and  Madler,  between  1833  and  1836,  which  went  far 
to  confirm  the  conclusions  of  Cassini  and  SchrOter;  and  the  still 
more  recent  observations  of  De  Vico  at  Rome  may  be  considered  as 
removing  all  doubt  that  the  period  of  the  planet's  rotation  does  not 
vary  much  from  23}***. 

2689.  Beer  and  Midler's  diagrams  of  Venus.  —  In  Jig,  752, 
are  represented  a  series  of  eighteen  diagrams  of  the  planet,  selected 
from  a  much  greater  number  made  by  MM.  Beer  and  Madler  at 
the  dates  indicated  above.     These  drawings  were  taken  when  the 
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planet  was  approaching  inferior  conjunction,  the  planet  being  ob- 
served either  before  sunset  or  during  twilight. 

If  the  surface  of  the  planet  were  exempt  from  considerable  in- 
equalities, the  concave  edge  of  the  crescent  would  be  a  sensible  ellipse, 
subject  to  no  other  deficiency  of  perfect  regularity  and  sharpness, 
save  such  as  might  be  explained  by  the  gradual  faintness  of  illumi- 
nation due  to  the  atmosphere  of  Venus.  The  mere  inspection  of 
the  diagrams  is  enough  to  show  that  such  is  not  the  appearance  of 
the  disc.  Irregularities  of  curvature  and  of  the  forms  of  the  cusps 
are  apparent,  which  can  only  arise  from  corresponding  irregularities 
of  the  surface  of  the  planet.  If  the  want  of  sharpness  in  the  horns 
of  the  crescent  arose  from  any  effect  produced  by  the  terrestrial  at- 
mosphere on  the  optical  image  of  the  disc,  it  would  equally  affect 
both  cusps.  Several  of  the  diagrams,  for  example.  Jigs.  1,  2,  3,  7, 
8,  15,  17,  arc  at  variance  with  such  an  hypothesis,  the  cusps  being 
ubviou&ly  different  iu  form. 
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In  coRobonitioii  of  the  observations  of  Schrdter,  it  was  ascertained 
Hit  the  southeni  cosp  was  subject  to  greater  and  more  frequent 
dumges  of  form  than  the  northern,  from  which  it  was  inferred  that 
tlic  southern  hemisphere  of  the  planet  is  the  more  mountainous. 
It  18  remarkable  that  the  same  character  is  found  to  prevail  on  the 


It  was  not  only  observed  that  the  irregularities  of  the  concave 
edge  of  the  ereeoent  were  subject  to  a  change  visible  from  5"*  to  5"*, 
bat  that  the  same  foraw  were  reproduced  after  an  interval  of  23 1% 
snli^ect  to  an  error  not  exceeding  from  5  to  10  minutes. 

2(590.  MoTt  recent  obiervctiiom  of  De  Vtco.  —  In  fine,  De  Vico, 
obeeryiDg  at  a  still  later  date  at  Rome,  favoured  by  the  clear  sky  of 
Italy,  made  several  thousand  roeasnrements  of  the  planet  in  ite 
pheaesy  the  general  result  of  which  is  in  such  corbplete  accordance 
with  those  of  MM.  Beer  and  Madler,  that  the  fact  of  the  planet's 
rotation  may  now  be  regarded  as  satisi^uHiorily  demonstrated,  and 
that  its  period  does  not  differ  much  from  23^  15"*'. 

2691.  Direetian  of  the  axis  of  rotation  uncucertained.  —  If  such 
diflknities  have  attended  the  mere  determination  of  the  rotation,  it 
will  be  eamly  conceived  that  those  which  hiive  attended  the  attempts 
to  aaeertain  the  direction  of  the  axis  of  rotation  have  been  much 
mare  insnrmoantable.  The  observations  above  described,  by  which 
the  rotation  has  been  established,  supply  no  ground  by  which  the 
direction  of  the  axis  could  be  ascertained.  No  spot  has  been  seen 
the  direction  of  whose  motion  could  indicate  that  of  the  axis.  It 
was  conjectured,  with  little  probability,  by  some  observer?,  that  the 
axis  was  inclined  to  the  orbit  at  the  angle  of  75^.  This  conjecture, 
howeTer,  has  not  been  confirmed. 

2692.  Tiffiiight  on  Venus  and  Mercury.  —  The  existence  of  an 
extensive  twilight  in  these  planets  has  been  well  ascertained.  By 
observing  the  concave  edge  of  the  crescent  which  corresponds  to  the 
boandary  of  the  illuminated  and  dark  hemispheres,  it  is  found  that 
the  enlightened  portion  does  not  terminate  suddenly,  but  there  is  a 
gradual  fading  away  of  the  light  into  the  darkness,  produced  by  the 
band  of  atmosphere  illuminated  by  the  sun  which  overhangs  a  part 
of  the  dark  hemisphere,  and  produces  upon  it  the  phenomena  of 
twilight. 

Some  observers  have  seen  on  the  dark  hemisphere  of  the  planet 
Venus  a  faint  reddish  and  grayish  light,  visible  on  parts  too  distant 
from  the  illuminated  hemisphere  to  be  produced  by  the  light  of  the 
Bun.  It  was  conjectured  that  these  effects  are  indications  of  the  play 
of  some  atmospheric  phenomena  in  this  planet  similar  to  the  aurora 
horecUis. 

In  fine,  it  may  be  stated  generally,  that  so  far  as  relates  to  the 
physical  condition  of  the  inferior  planets,  the  whole  extent  of  our 
certun  knowledge  of  them  is,  that  they  arc  globes  like  the  earth, 
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illuminated  and  wanned  by  the  sun ;  that  they  are  invested  with 
atmospheres  probably  more  dense  than  that  of  the  earth ;  and  sinoe 
observations  render  probable  the  existence  of  vast  masses  of  eloads 
on  Venus,  if  not  on  Mercary^  analogy  justifies  the  inference  that 
liquids  exist  on  these  planets. 

2693.  Spheroidal  form  unascertained — suspected  scUeOite. 

One  of  the  phenomena  from  which  the  rotation,  as  well  as  the  direc- 
tion of  the  axis,  might  be  inferred,  is  the  8t>heroidal  form  of  the 
planet  To  ascertain  this  by  observations  of  the  disk,  it  would  be 
necessary  to  see  the  planet  with  a  full  phase.  But  when  the  inferior 
planets  have  that  phase,  they  are  near  superior  oonjunctiony  and 
therefore  lost  in  the  solar  light.  It  has  been  nevertheless  contended, 
that  when  Venus  is  most  remote  from  her  node,  she  is  sufficiently 
removed  from  the  plane  of  the  ecliptic  to  be  observed  with  a  good 
telescope  at  noon  when  in  superior  conjunction.  No  observaiiony 
however,  of  this  kind  has  ever  yet  been  made^  and  the  spheroidal 
form  of  the  planet  is  unascertained. 

Several  observers  of  the  last  two  centuries  concurred  in  maintain- 
ing that  they  had  seen  a  satellite  of  Venus.  Cassini,  the  elder, 
imagined  he  saw  such  a  body  near  the  planet  on  the  25th  of  Jan- 
nary,  1672,  and  again  on  27th  of  August,  1686;  Short,  the  well- 
known  optical  instrument  maker,  on  3d  November,  1740;  Mon- 
taigne, the  French  astronomer,  in  May,  1761 ;  several  observers  in 
March,  1764,  all  agree  in  reporting  observations  of  such  a  body.  In 
each  case  the  phase  was  similar  to  that  of  Venus,  and  the  appaient 
diameter  about  it  fourth  of  that  of  the  planet  By  collecting  these 
observations,  Lambert  computed  the  orbit  of  the  supposed  satellite. 

In  opposition  to  all  this,  it  may  be  stated  that  notwithstanding 
the  immense  improvement  in  optical  instruments,  and  especially  in 
the  construction  of  telescopes  of  power  far  surpassing  any  of  which 
the  observers  before  the  present  century  were  in  possession,  no  trace 
of  such  a  body  has  been  detected,  although  observers  have  increased 
in  number,  activity,  and  vigilance,  in  a  proportion  greater  still  than 
that  of  the  improvement  of  telescopes.  It  must,  therefore,  be  con- 
cluded, at  least  for  the  present,  that  the  supposed  appearances 
recorded  by  former  observers  were  illusive. 

III.  Mars. 

2694.  Position  in  the  ^stem.  —  Proceeding  outwards  from  the 
sun,  the  third  planet  in  the  order  of  distance  is  the  Earth.  The 
fourth  in  order,  whose  orbit  circumscribes  that  of  the  earth,  is  the 
planet  Mars. 

2695.  Period. — The  synodic  period  of  ^far8  is  found  by  obser- 
vation to  be  780  days.  It  follows  from  this  that  if  P  express  the 
periodic  time  of  the  planet  in  days,  we  shall  have 
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i- JL_  -L--L 
'  p  ~  365       780  "  687* 

The  periodic  time  of  Mars  is  therefore  687  days,  or,  as  appears  by 
more  exact  methods  of  calculation  and  obserratioD,  686-979  days. 

The  earth's  period  being  taken  as  the  unit,  the  period  of  Mars 
vill  therefore  be  1*881. 

2696.  instance,  —  To  compute  by  the  Harmonic  Law  the  mean 
distuioe  of  Mars  from  the  sun,  we  have  therefore 

l-88«  =  l-5246» 

The  mean  distance  is  therefore  1-5246,  that  of  the  earth  being  the 
unit^  and  the  mean  distance  in  miles  is 

95,000,000  X  1-524  =  144,780,000, 

or  about  144|  millions  of  miles. 

2697.  Eccenirtcity — mean  and  extreme  distances  from  the 
earth.  —  The  eccentricity  of  the  orbit  of  Mars  being  about  0  09, 
the  distance  is  subject  to  a  variation,  the  extreme  amount  of  which 
is  less  than  one-tenth  of  its  mean  value.  The  extreme  distances 
are 

144|  -|-  18  ss  157|  million  miles  in  aphelion. 
144f  —  18  as  181)  million  miles  in  perihelion. 

It  appears,  therefore,  that  the  mean  distances  of  the  planet  from  the 
earth  are 

In  Opposition 144|—  95  =s  49}  million  miles. 

In  Coqjunctlon 144}  -[-  96  ss  289}  million  miles. 

In  Qnadrature ss  109  million  miles. 

These  distances  are  subject  to  variation,  whose  extreme  limit  is 
about  15  millions  of  miles,  owing  to  the  combined  effects  of  the 
eccentricities  of  the  two  orbits.  Although  the  mean  distance  of  the 
planet  in  opposition  from  the  earth  is  about  half  the  distance  of  the 
sun,  it  may  in  certain  positions  of  the  orbit  come  within  a  distance 
of  35  hundredths  of  the  sun's  distance.  In  the  opposition  which 
took  place  in  September,  1830,  the  distance  of  the  planet  was  only 
38  hundredths  of  the  sun's  mean  distance. 

2698.  Heliocentric  and  ^fnodic  motions,  —  The  mean  daily  He- 
liocentric motion  of  Mars  is  (2568) 

.=  1?|92?  =  18".86  =  81M. 

The  mean  synodic  motion  is  therefore  (2569) 

<r  =  t  —  a  =  3548  —  1886  =  16"-62  =  2r-7. 

2699.  Scale  of  orbit  relatively  to  that  of  the  earth.  — If  8,  fy. 
753,  represent  the  position  of  the  sun,  and  s  M  the  distance  of  Mars, 
the  orbit  of  the  earth  wOl  be  represented  by  s  x"  x"'  s'. 
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Fig.  758. 

48 


2700.  Divtnon  of  the  «/- 
nodic  period,  —  The  earth  is 
at  s'"  when  Mars  is  in  con- 
janction,  at  e'  when  in  qua- 
drature west  of  the  sun,  at  e 
when  in  opposition,  and  at  jf' 
when  in  quadrature  east  of 
the  sun. 

The  angle  of  elongation 
BE'm  being  90^,  and  the 
mean  value  of  s  m  being 
1*52,  that  of  8  b'  being  ex- 
pressed by  1,  it  follows  that 
the  angle  e'  8  M  will  be  about 
48°,  and  therefore  e'  8  e"'  = 
180°  — 48^  =  132^ 

Since  the  synodic  period 
is  780  days,  the  mean  time 
between  quadrature  and  op- 
position will  be 


^  X  780  =  104  days; 
and  the  mean  time  between  quadrature  and  conjunction  will  be 

TOO 

i^x  780  =  286  days. 

2701.  Apparent  motion.  —  The  various  changes  of  the  appai^t 
positions  of  the  planet  and  sun  during  the  synodic  period  may, 
therefore,  be  easily  explained.  At  conjunction  the  earth  being  at 
b"',  the  planet  and  sun  pass  the  meridian  together.  In  this  case, 
the  planet  being  above  the  horizon  only  during  the  day,  is  not  visible. 
Affcer  conjunction,  the  planet  passes  the  meridian  in  the  forenoon, 
and  is  therefore  visible  above  the  eastern  horizon  before  sunrise.  Be- 
fore conjunction  it  passes  the  meridian  in  the  afternoon,  and  is 
therefore  visible  above  the  western  horizon  after  sunset 

At  the  time  of  the  western  quadrature,  the  earth  being  at  s',  the 
planet  passes  the  meridian  about  6  A.  M.,  and  at  the  time  of  western 
quadrature,  the  earth  beine  at  s'',  it  passes  the  meridian  about  6  P.  M. 
The  planet  has  these  positions  about  286  days,  more  or  less,  after 
and  before  its  conjunction. 

At  the  time  of  opposition,  the  earth  being  at  E,  the  planet  passes 
the  meridian  at  midnight ;  and  is  therefore  above  the  horizon  from 
sunset  till  sunrise.  Before  opposition  it  passes  the  meridian  before 
midnight,  and  is  above  the  horizon  chiefly  durinff  the  later  part  of 
the  night^  and  after  opposition  it  passes  the  meridian  after  midnight, 
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and  is  therefore  above  the  horizon  chiefly  dormg  the  earlier  part 
(^  the  night. 

The  interval  dnring  which  it  is  visible  more  or  less  in  the  absence 
of  the  snn,  being  that  during  which  it  passes  from  western  to  eastern 
quadrature  through  opposition  is^  in  the  case  of  Mars^  104  x 
2  =  208  days. 

2702.  Stations  and  retrogregnon. — The  elongations  at  which 
Mara  is  stationary^  and  the  lengths  of  his  arc  of  retrogression,  vary 
to  8ome  extent  with  the  distances  of  the  planet  from  the  sun  and 
earth,  which  distances  depend  on  the  ellipticity  of  the  two  orbits, 
and  the  direction  of  their  major  axes.  In  1854,  Mars  will  be  in 
opposition  on  Ist  March,  and  will  be  stationary  on  the  17th  January 
and  10th  April.     The  right  ascension  on  these  days  will  be, 

17  Jan R.  A IV^  19--  82^ 

10  April B.A 10     4    56 

14    86 


It  follows,  therefore,  that  the  extent  of  retrogression  in  right 
ascension  will  then  be  14"-  86%  which  reduced  to  angular  magni- 
tude is 

(14-  86'-)  X  15  =  21^  «  8«  3^. 

2708.  Phases, — At  opposition  and  conjunction  the  same  hemi- 
sphere being  turned  to  the  earth  and  sun,  the  planet  appears  with 
a  full  phase.  In  all  other  positions  the  lines  drawn  from  the 
pUmet  to  the  earth  and  sun,  making  with  each  other  an  acute  angle 
of  greater  or  less  magnitude,  the  phase  will  be  deficient  of  complete 
fulness,  and  the  planet  will  be  gibbous;  the  more  so  the  nearer  it  is 
to  its  quadrature,  in  which  position  the  lines  drawn  to  the  earth  and 
ran  make  the  greatest  possible  angle,  which  being  the  complement 
jf  eTsm,  will  be  90^  — 48°  =  42^  Of  the  entire  hemisphere 
presented  to  the  earth,  188^  will  therefore  be 
enlightened  and  42^  dark.  The  corresponding 
form  of  the  disk,  as  can  easily  be  deduced 
from  the  common  principles  of  projection,  will 
be  that  which  is  represented  in  ^.  754,  the 
dark  part  being  iodicated  by  the  dotted  line. 

The  gibbosity  will  be  less  the  nearer  the 
planet  approaches  to  opposition  or  conjunction. 
Fig.  754  3704.  Apparent  and  real  diameter.  — The 

apparent  diameter  of  Mars  in  opposition  varies 
between  rather  wide  limits,  in  consequence  of  the  variation  of  its 
distance  from  the  earth  in  that  position,  arising  from  the  causes  ex- 
plained above.     When  at  its  mean  distance  at  opposition^  the  appiw 

26* 
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rent  magnitude  does  not  exceed  1%",  and  at  ooBJnnction  it  k  radnoed 
to  3"-7. 

Id  1830,  soon  after  opposition,  when  its  distance  from  the  earth 
was  38y^(f  million  of  miles,  it  exhibited  a  diameter  of  22"}  the 
linear  value  <^  1"  at  that  distance  being 

38400000       ,^.-     ., 
-^gggg5.=  186.7mileiS 

the  diameter  d'  of  the  planet  must  be 

D'  =  185-7  X  22  =  4065  miles. 

2705.  Volume.  —  If  V  be  the  volume,  that  of  the  earth  being  v, 
we  have 

v'_  f40851»_   1   _ 

y-  l7900i   -TE-^^^^' 

The  volume  is  therefore  less  than  the  seventh  part  xji  that  of  the 
earth.  The  relative  volumes  of  Mars  and  the  earth  are  represented 
at  M  and  E,/y.  755. 

2706.  Mass  and  density.  —  By  the  methods  explained,  it  has 
been  ascertained  that  the  mass  of  Mars  is  145,  that  of  the  earth 
being  1000. 

We  shall  have  for  the  density,  therefore, 

J-133-\^- 

The  density  is  very  nearly  equal,  therefore,  to  that  of  the  earth. 

2707.  Superficial  gravity. — The  superficial  gravity  being  deter> 
mined  by  the  formula  (2639),  we  shall  have 

^  =  0-64. 

It  appears,  therefore,  that  the  force  of  gravity  on  the  surface  of 
Mars  is  a  little  more  than  half  its  intensity  on  the  surface  of  the 
earth. 

2708.  Solar  light  and  heat.  —  The  mean  distance  of  the  earth 

from  the  sun  being  less  than 
that  of  Mars  in  the  ratio 
of  10  to  15,  the  apparent 
diameter  of  the  sun  as  seen 
from  Mars  will  be  less  than 
its  diameter  as  seen  from 
the  earth  in  the  same  ratio. 
Pig.  755.  I^  ^7  fiU'   755,   represent 

the  apparent  disk   of  the 

sun  as  seen  from  the  earth,  m  will  represent  its  apparent  disk  as  seen 

from  Mars. 


THB  TEBRBSniAI.  PLANBTS.  807 

Siaee  the  dendty  of  the  solar  ndlatioii  decreases  as  tbe  square 
of  the  distance  iDcreases,  its  density  at  Mars  will  be  less  than  at  the 
earth  in  the  ratio  of  4  to  9. 

So  far  as  the  illaminatinff  and  heating  powers  of  the  solar  rays 
d^)end  oa  thdr  density,  they  will,  therefore,  be  less  in  the  same 
proportion. 

2709.  Rotation.— There  is  no  bo^  of  the  sohtr  system,  the 
mocHi  alone  excepted^  which  has  been  submitted  to  so  rigorous  and 
sncoesaful  telescwpie  ezamiaatkm  as  Mars.  Its  proximity  to  the 
earth  in  opposition,  when  it  is  seen  on  tiie  meridian  at  midnight 
with  a  full  phase,  i^ords  great  facility  for  this  kind  of  observation. 

By  observing  the  permanent  lineaments  of  Kght  and  shade  ex- 
hibited by  the  disk,  its  rotation  on  its  azia  can  be  distinctly  seen, 
and  has  been  aseertabed  to  take  place  in  24*^  87^  lO**,  tbe  axis  on 
which  it  revolves  appearing  to  be  inclined  to  the  j^ne  of  the  planef  s 
orlnt  ai  an  angle  of  28^  27'.  The  exact  direction  of  the  axis  la, 
however,  still  suljeot  to  some  uncertainty. 

2710.  I^ayt  and  nights,  —  It  thus  appears  that  the  days  and 
nights  in  Mars  are  nearly  the  same  as  on  the  earth,  that  the  year 
is  diversified  by  seasons,  and  the  surface  of  the  planet  by  zones  and 
climates  not  very  different  from  those  which  prevail  on  our  globe. 
The  tropics,  instead  of  being  23''  28',  aie  28''  27'  from  the  eaua- 
tor,  and  the  polar  circles  are  in  the  same  proportion  more  extended. 

2711.  Seoions  and  cUtnates.  —  The  year  consists  of  668  Martial 
days  and  16  hours ;  the  Martial  being  longer  than  the  terrestrial  day 
in  the  ratio  of  100  to  97. 

Owing  to  the  eccentricity  of  the  planet's  orbit,  the  summer  on 
the  northern  hemisphere  is  diorter  than  on  the  southern  in  the  ratio 
of  100  to  79,  but  owing  to  the  greater  proximity  of  the  sun,  the  in- 
tensity of  its  light  and  heat  during  the  shorter  northern  summer  is 
greater  than  during  the  longer  southern  summer  in  the  ratio  of  145 
to  100.  From  the  same  causes,  the  longer  northern  winter  is  less 
inclement  than  the  shorter  southern  winter  in  the  same  proportion. 

There  is  thus  a  complete  compensation  in  both  seasons  in  the  two 
hemisphere. 

The  duration  of  tbe  seasons  in  Martial  days  in  the  northern  hemi- 
sphere is  as  follows : — spring  192,  summer  180,  autumn  150,  winter 

2712.  Observations  and  researches  of  Messrs,  Beer  and  Madler, 
—  It  is  mainly  to  the  persevering  labours  of  these  eminent  obser* 
vers  that  we  are  indebted  for  all  the  physical  information  we  possess 
respecting  the  condidon  of  the  sur&ce  of  this  planet.  Their  ob- 
servations, commenced  at  an  early  epoch,  were  regularly  organised 
at  tbe  time  of  the  opposition  of  1830,  with  a  view  to  ascertain  with 
certainty  and  precision  the  time  of  rotation  of  the  planet,  the  posi- 
tion  of  its  axis,  and,  so  fiur  as  might  be  practicable,  a  survey  A  its 
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surface.  These  observations  have  been  continued  during  every  i 
coeding  opposition,  in  which  the  planet  having  northern  declination 
rose  to  a  sufficient  altitude,  and  was  made  visible  by  a  telescope  by 
Fraunhoer,  of  four  and  a  half  feet  focal  length,  parallactically 
mounted,  and  moved  by  clockwork,  so  as  to  keep  the  planet  in  the 
field  of  view  notwithstanding  the  diurnal  motion  of  the  earth. 
With  this  instrument  they  were  enabled  to  use  a  magnifying  power 
of  300,  and  as  the  disk  of  the  planet  subtended  in  1880  a  visual 
angle  of  22",  it  was,  when  thus  ma^ified,  viewed  under  an  angle 
of  6600"  or  llO',  being  nearly  four  times  the  apparent  diameter  of 
the  moon. 

2718.  Areographic  character.  —  That  many  of  the  lineaments 
observed  are  areographic,  and  not  atmospheric,  is  established  beyond 
all  contestation  by  their  permanency.  They  are  not  always  visible, 
and  when  visible  not  always  equally  distinct;  but  are  observed  to 
retain  the  same  forms,  no  matter  how  distant  may  be  the  intervals 
at  which  they  may  be  submitted  to  examination.  The  elabormte 
researches  and  observations  of  MM.  Beer  and  MSdler,  which  com- 
menced with  the  opposition  of  1880,  were  continued  with  unwearied 
assiduity  in  every  succeeding  opposition  of  the  planet  for  twelve 
years,  so  far  as  the  varying  declination  and  the  state  of  the  weather 
at  the  epochs  of  the  opposition  permitted.  The  same  spots,  cha- 
racterised by  the  same  forms,  and  the  same  varieties  of  light  and 
shade,  were  seen  again  and  again  in  each  succeeding  opposition. 
Changes  of  appearance  were  manifest,  but  through  those  changes 
the  permanent  features  of  the  planet  were  always  discerned ;  just 
as  the  seas  and  continents  of  the  earth  may  be  imagined  to  be  dis> 
tinguishable  through  the  occasional  openings  in  the  clouds  of  our 
atmosphere  by  a  telescopic  observer  of  Mars. 

2714.  TeleKOpic  view^  of  Man  —  areographic  charts  of  the  two 
hemuephereB.  — A  large  collection  of  drawings  of  the  various  hemi- 
spheres of  Mars  presented  to  the  observer  has  been  made  by  MM. 
Beer  and  Madler.  Thirty-five  were  made  during  the  opposition  of 
1880,  upwards  of  thirty  during  that  of  1887,  and  forty  during  that 
of  1841,  from  a  comparison  of  which  charts  were  made,  showing 
the  permanent  areographic  lineaments  of  the  northern  and  southern 
hemisphere. 

In  Plate  y III.  we  have  given  six  views,  selected  from  those  of 
Beer  and  Madler,  with  the  dates  subjoined.  In  Plate  IX.  are 
given  the  areographic  charts  of  the  two  hemispheres.  It  will  be 
observed,  that  as  each  spot  approaches  the  edge  of  the  disk  its  appa- 
rent form  is  modified  by  the  effect  of  fore-shortening,  owing  to  the 
obliquity  of  the  surface  of  the  planet  to  the  visual  ray. 

2715.  Polar  tnaio  observed. — All  the  lineaments  exhibited  in 
these  drawings  were  found  to  be  permanent,  except  the  remarkable 
white  spots  which  cover  the  polar  regions.     These  circular  areas 
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presented  tbe  appearance  of  a  dazzling  whiteness,  and  oife  of  ihem 
was  60  exactly  defined  and  so  sharply  terminatedy  that  it  seemed 
like  tbe  full  disk  of  a  small  and  very  brilliant  planet  projected  upon 
the  disk,  and  near  tbe  edge  of  a  larger  and  darker  one.  Tbe  ap- 
pearance, position,  and  changes  of  these  white  polar  spots  have  sng- 
gested  to  all  tbe  observers  who  have  witnessed  them,  the  supposi- 
tion that  ^ey  proceed  from  tbe  polar  snows  aocamolated  during 
the  long  winter,  and  which,  daring  tbe  equally  protracted  summer, 
hy  exposure  to  the  solar  rays,  more  full  by  7^  degrees  than  at  the 
poles  of  ihe  earth,  are  partially  dissolved,  so  that  the  diameter  of 
the  snow  circle  is  diminished. 

The  increase  and  diminution  of  this  white  cirde  takes  place  at 
epochs  and  in  positions  of  the  axis  of  tbe  planet,  such  as  are  in 
complete  acconknce  with  this  supposition. 

2716.  Podtion  of  jireographic  meridians  determined. — ^The  leg 
and  foot-sbaped  spot  marked  p  n  in  tbe  southern  hemisphere,  was 
distinctly  seen  and  delineated  in  all  tbe  oppositions.  This  was  one 
of  the  spots  from  the  apparent  motion  dl  which  the  time  of  rota- 
tion  was  deduced. 

The  spot  a  in  tbe  southern  hemisphere  connected  with  a  large 
adjacent  spot  by  a  sinuous  line,  was  also  one  of  those  whose  position 
was  most  satisfactorily  established.  This  spot  was  selected  as  the 
ohservatory  of  Greenwich  has  been  upon  uie  earth,  to  mark  the 
meridian  from  which  longitudes  are  reckoned. 

The  spot  e/hf  chiefly  situate  in  tbe  southern,  but  projecting  into 
the  northern  hemisphere  between  tbe  90tb  and  105tb  degrees  of 
longitude,  was  also  well  observed  on  repeated  occasions. 

According  to  Madler,  the  reddish  parts  of  t^e  disk  are  chiefly 
those  which  correspond  to  40^  long,  and  15^  lat.  S. 

The  two  concentric  dotted  circles  marked  round  tbe  south  pole 
indicate  tbe  limits  of  the  white  polar  spot  as  seen  on  difierent  ooca- 
oons  in  1880  and  1887.  Tbe  redness  of  this  planet  is  much  more 
remarkable  to  the  naked  eye  than  when  viewed  with  the  telescope. 
In  some  cases,  during  the  observations  of  MM.  Beer  and  Madler, 
no  redness  was  discoverable,  and  when  it  was  perceived  it  was  so 
fiunt  that  different  observers  at  the  same  moment  were  not  agreed 
as  to  its  existence.  It  was  found  that  the  prevailing  colour  of  tbe 
spots  was  generally  yellow  rather  than  red. 

Independently  of  any  efieot  which  could  be  ascribed  to  projection 
or  foreshortening,  it  was  found  that  tbe  lineaments  were  always  seen 
with  much  greater  distinctness  near  the  centre  of  tbe  disk  than  to- 
wards its  borders.  This  is  precisely  the  effect  which  might  be  ex- 
pected from  a  dense  atmosphere  surrounding  the  planet. 

2717.  Possible  satellite  of  Mars,  —  Analogy  naturally  suggests 
tiie  probability  that  tbe  planet  Mars  might  have  a  moon.  These 
attendants  appear  to  be  supplied  to  the  plimets  in  augmented  num- 
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bers  as  they  recede  from  the  snn ;  and  if  this  analogy  were  com- 
plete, it  would  justify  the  inference  that  Mars  must  at  least  have 
one,  being  more  remote  from  the  sun  than  the  earth,  which  is  sap- 
plied  with  a  satellite.  No  moon  has  ever  been  discovered  in  connection 
with  Mars.  It  has,  however,  been  contended  that  we  are  not  there- 
fore to  conclude  that  the  planet  is  destitute  of  such  an  appendage ; 
toT  as  all  secondary  planets  are  much  less  than  their  primaries^  and 
as  Mars  is  by  far  the  smallest  of  the  superior  planets,  its  satellite, 
if  such  existed,  must  be  extremely  small.  The  second  sateUite  of 
Jupiter  is  only  the  forty-third  part  of  the  diameter  of  the  planet; 
and  a  satellite  which  would  only  be  the  forty-third  part  of  the  di- 
ameter of  MarSy  would  be  under  one  hundred  miles  in  diameter. 
Such  an  object  could  scarcely  be  discovered  even  by  powerful  tele- 
scopes, especially  if  it  do  not  recede  far  from  die  disk  of  the 
planet. 

The  fact  that  one  of  the  satellites  of  Saturn  has  been  discovered 
7b1j  within  the  last  few  years,  renders  it  not  altogether  improbable 
that  a  satellite  of  Mars  may  yet  be  discovered. 


CHAP.  XIV. 

THE  PLANETOIDS. 

2718.  A  vacant  place  in  the  planetary  $eries.  —  At  a  very  early 
epoch  in  the  progress  of  astronomy  it  was  observed  that  the  pro- 
gression of  the  distances  of  the  planets  from  the  sun  was  character- 
ised by  a  remarkable  numerical  harmony,  in  which  nevertheless  a 
breach  of  continuity  existed  between  Mars  and  Jupiter.  This 
arithmetical  progression  was  first  loosely  noticed  by  Kepler,  but  it 
was  not  until  towards  the  close  of  the  last  century  that  the  more 
exact  conditions  of  the  law  and  the  close  degree  of  approximation 
with  which  it  was  fulfilled^  with  the  exception  just  noticed,  was  fully 
explained. 

This  numerical  relation  prevails  between  the  distances  of  the  suc- 
cessive orbits  of  the  other  planets  measured  from  that  of  the  first 
planet^  Mercury.  It  was  observed  that  such  distances  formed  very 
nearly  a  series  in  duple  progression ;  so  that  each  distance  is  twice 
the  preceding  one,  with  the  sole  exception  already  mentioned.  Al- 
though this  law  is  not  fulfilled  like  those  of  Kepler,  with  numerical 
precision,  there  is  nevertheless  so  striking  an  approximaUon  to  it  as 
to  produce  a  strong  impression  that  it  must  be  founded  upon  some 
phyucal  cause  and  not  merely  accidental.  To  show  the  near  ap- 
proximation to  its  exact  fulfilment,  we  have  placed  in  the  following 
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table  the  BQCoaflBion  of  calculated  distances  from  Mercury's  orbit, 
which  will  exactly  fulfil  it  in  juxtapoeition  with  the  actual  distances 
of  the  planets,  the  earth's  distance  from  the  sun  being  the  unit 


TmM-.. - 

Xuih  - 

0*8302 

0*6724 
1-8448 
2-6896 
6-8702 
10-7684 
21-6168 

0*3362 
0-6120 
11306 

4-8167 
0*1617 
18-7068 

Mart 

Abfmt  planet 

Jupiter 

iuatn 

Uruiu..... w 

By  comparing  these  numbers,  it  will  be  apparent  that  although 
the  sucoesdon  of  distances  does  not  correspond  precisely  with  a  nu- 
merical series  in  duple  progression,  there  is  nevertheless  a  certain 
approach  to  such  a  series,  and  at  all  events  a  glaring  breach  of  con- 
tinuity between  Mars  and  Jupiter. 

Towards  the  close  of  the  last  century,  professor  Bode  of  Berlin 
rerived  this  question  of  a  deficient  planet,  and  gave  the  numerical 
progression  which  indicated  its  absence  in  the  form  in  which  it  has 
jast  been  stated;  and  an  association  of  astronomers  was  formed 
under  the  auspices  of  the  celebrated  Baron  de  Zach  of  Gotha,  for 
the  express  purpose  of  organising  and  prosecuting  a  course  of  obser- 
vation, with  the  special  purpose  of  searching  for  the  supposed  undis- 
oo?ered  member  of  the  solar  system.  The  very  remarkable  results 
which  have  followed  this  measure,  the  consequences  of  which  have 
not  even  yet  been  fully  developed,  will  presently  be  apparent. 

2719.  Discovery  of  Ceres.  —  On  the  first  day  of  the  present 
century.  Professor  Piazzi  observing  in  the  fine  serene  sky  of  Palermo, 
noticed  a  small  star  of  about  the  7th  or  8th  magnitude  which  was 
not  registered  in  the  catalogues.  On  the  night  of  the  2nd  again  ob- 
serving it,  he  found  that  its  position  relative  to  the  surrounding  stars 
was  sensibly  changed.  The  object  appearing  to  be  invested  with  a 
nebulous  base,  he  took  it  at  fint  for  a  comet,  and  announced  it  as 
8uch  to  the  scientific  world.  Its  orbit  being  however  computed  by 
Professor  Grauss,  of  Gdttingen,  it  was  found  to  have  a  period  of 
1652  days,  and  a  mean  distance  from  the  sun  expressed  by  2*735, 
that  of  the  earth  being  1. 

By  comparing  this  distance  with  that  given  in  the  preceding  table 
at  which  a  planet  was  presumed  to  be  absent,  it  will  be  seen  that 
the  object  thus  discovered  filled  the  place  with  striking  arithmetical 
precision. 

Piazzi  gave  to  this  new  member  of  the  system  the  name  Ceres. 

2720.  Discovery  of  Pallas,  —  Soon  after  the  discovery  of  Ceres 
the  planet  passing  into  conjunction  ceased  to  be  visible.    In  search- 
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ing  for  it  after  emergiDg  from  the  sun's  rays  in  March  1802,  Br. 
Olbers  noticed  on  the  28th  a  small  star  in  the  constellation  of  Virgo, 
at  a  place  which  he  had  examined  in  the  two  preceding  months,  and 
where  he  knew  that  no  snch  object  was  then  apparent  It  appeared 
as  a  star  of  the  seyenth  magnitude,  the  smallest  which  is  visible 
without  a  telescope.  In  the  course  of  a  few  hours  he  found  its  po- 
sition visibly  changed  in  relation  to  the  surrounding  stars.  In  fine, 
the  object  proved  to  be  another  planet  bearing  a  striking  analogy  to 
Ceres,  ^nd  what  was  then  totally  unprecedented  in  the  system, 
moving  in  an  orbit  at  very  nearly  the  same  mean  distance  from  the 
sun,  and  having  therefore  nearly  the  same  period. 

Dr.  Olbers  called  this  planet  Pallas. 

2721.  Olben*  kypolh^  of  a  fractured  planet  —  This  circum- 
stance, combined  with  the  exceptional  minuteness  of  these  two 
planets,  suggested  to  Olbers  the  startling,  and  then,  as  it  must  have 
appeared,  extravagantly  improbable  hypothesis,  that  a  single  planet 
of  the  ordinary  magnitude  existed  formerly  at  the  distance  indicated 
by  Bode's  analogy,  —  that  it  was  broken  into  small  fragments  either 
by  internal  explosion  from  some  cause  analogous  to  volcanic  action, 
or  by  collision  with  a  comet, — that  Ceres  and  Pallas  were  two  of  ita 
fragments,  and  in  fine,  that  it  was  very  likely  tliat  many  other  frag- 
ments, smaller  still,  were  revolving  in  similar  orbits,  many  of  whicn 
might  reward  the  labour  of  future  observers  who  might  direct  their 
attention  to  these  regions  of  the  firmament 

In  support  of  this  curious  conjecture  it  was  urged  that  in  the  ease 
of  such  a  catastrophe  as  was  involved  in  the  supposition,  the  frag- 
ments, according  to  the  established  laws  of  physios,  would  necessarily 
continue  to  revolve  in  orbits,  not  differing  much  in  their  mean 
distances  from  that  of  the  original  planet  j  that  the  obliquities  of  the 
orbits  to  each  other  and  to  that  of  the  original  planet  might  be 
subject  to  a  wider  limit;  that  the  eccentricities  might  also  have  ex- 
ceptional magnitudes ;  and,  finally,  that  such  bodies  might  be  ex- 
pected to  have  magnitudes  so  indefinitely  minute  as  to  be  out  of  all 
analogy  or  comparison,  not  only  with  the  other  primary  planets,  but 
even  with  the  smallest  of  the  secondary  ones. 

Ceres  and  Pallas  both  were  so  small  as  to  elude  all  attempts  to 
estimate  their  diameters,  real  or  apparent  They  appeared  like 
stellar  points  with  no  appreciable  disk,  but  surrounded  with  a  nebu- 
lous haziness,  which  would  have  rendered  very  uncertain  any  mea- 
surement of  an  object  so  minute.  Sir  W.  Herschel  thought  that 
Pallas  did  not  exceed  75  miles  in  diameter.  Others  have  admitted 
that  it  might  measure  a  few  hundred  milesl     Ceres  is  still  smaller. 

The  obliquity  of  the  orbit  of  Ceres  to  the  plane  of  the  ecliptic  is 
above  10}^,  and  that  of  Pallas  more  than  34}^.  Both  planets, 
therefore,  when  most  remote  from  the  ecliptic,  pass  far  beyond  the 
limits  of  the  zodiac,  and  differ  in  obliquity  from  each  other  by  a 
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qiuii<%  fiur  exceeding  the  entire  inclination  of  any  of  the  older 
planets. 

It  was  further  observed  by  Br.  Olbers,  that  at  a  point  near  the 
descending  node  of  Pallas  the  orbits  of  the  two  planets  yery  nearly 
coincided. 

Thns  it  appeared  that  all  the  conditions  which  rendered  these 
bodies  exceptional,  and  in  which  they  differed  from  the  other  mem- 
beiB  of  the  solar  system,  were  precisely  those  which  were  consistent 
with  the  hypothesis  of  their  origin  advanced  by  Dr.  Olbers. 

2722.  Discovery  of  Juno,  —  A  year  and  a  half  elapsed  before 
any  farther  discovery  was  produced  to  favour  this  hypothesis.  Mean- 
while,  obeervers  did  not  relax  their  seal  and  their  labours,  and  on 
Sept  ly  1804,  at  ten  o'clock,  p.m..  Professor  Harding,  of  Lilien- 
thal,  discovered  another  minute  planet,  which  observation  soon 
proved  to  a^ree  in  all  its  essential  conditions  with  the  hypothesis  of 
Olbers,  having  a  mean  distance  very  nearly  equal  to  those  of  Ceres 
and  Pdlas,  an  exceptional  obliquity  of  13^,  and  a  considerable 
eccentricity. 

This  planet  was  named  Juno. 

Juno  has  the  appearance  of  a  star  of  the  8th  magnitude,  and  a 
reddish  colour.  It  was  discovered  with  a  very  ordinary  telescope 
of  30  inches  focal  length  and  2  inches  aperture. 

2728.  Discovery  of  Vesta.  — On  the  29th  of  March,  1807,  Dr. 
Olbers  discovered  another  planet  under  circumstanoes  precisely 
similar  to  those  already  related  in  the  cases  of  the  former  discoveries. 
The  name  Yebta  was  given  to  this  planet,  which,  in  its  minute 
magnitude  and  the  character  of  its  orbit^  was  analogous  to  Ceres, 
Pallas,  and  Juno. 

Yesta  is  the  brightest  and  apparently  the  largest  of  all  this  group 
of  planets,  and  when  in  opposition  may  be  sometimes  distinguished 
by  good  and  practised  eyes  without  a  telescope.  Observers  differ  in 
their  impressions  of  the  colour  of  this  planet.  Harding  and  other 
Oerman  observers  consider  her  to  be  reddish ;  others  contend  that 
she  is  perfectly  white.  Mr.  Hind  says  that  he  has  repeatedly  ex- 
amined her  under  various  powers,  and  always  received  the  impres- 
sion of  a  pale  yellowish  cast  in  her  light. 

2724.  Discovery  of  the  other  Planetoids.  —  The  labours  of  the 
observers  of  the  beginning  of  the  century  having  been  now  prose- 
cuted for  some  years  without  further  results,  were  discontinued,  and 
it  is  probable  that  but  for  the  admirable  charts  of  the  stars  which 
have  been  since  published,  no  other  members  of  this  remarkable 
group  of  planets  would  have   been  discovered.     These,  however, 
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ooDtuniDg  all  the  atara  up  to  the  9th  or  10th  nuigQiladey  iooliided 
within  a  zone  of  the  firmament  30°  in  width,  extending  to  15^  on 
each  side  of  the  celestial  equator,  supplied  so  important  and  obvions 
an  instrument  of  research,  that  the  subject  was  again  resumed  with 
a  better  prospect  of  successful  results.  It  was  only  neoeasaiy  for 
the  observer,  map  in  hand,  to  examine,  degree  by  degree,  the  sone 
within  which  such  bodies  are  known  to  move,  and  to  compare  star 
by  star  the  heavens  with  the  map.  When  a  star  is  observed  which 
is  not  marked  on  the  map,  it  is  watched  from  hour  to  hour,  and 
from  night  to  night.  If  it  do  not  change  its  position  it  must  be 
inferred  that  it  has  been  omitted  in  the  construction  of  the  map, 
and  it  is  marked  upon  it  in  its  proper  place.  K  it  change  its  posi- 
tion it  must  be  inferred  to  be  a  planet,  and  its  orbit  is  soon  calcu- 
lated from  its  observed  changes  of  position. 

By  these  means  M.  Henke,  an  amateur  observer  of  Dreissen  in 
Prussia,  discovered  on  the  8th  December,  1845,  another  of  the 
small  planets,  which  has  been  named  AstrsMu 

Since  that  time  the  progress  of  planetary  discovery  in  the  same 
region  has  advanced  with  extraordinary  rapidity.  Three  planets 
were  discovered  in  1847,  one  in  1848,  one  in  1849,  three  in  1850, 
two  in  1851,  and,  in  fine,  not  less  than  eight  in  1852. 

In  their  exceptional  minuteness  of  volume,  their  mean  distances 
from  the  sun,  and  the  very  variable  obliquities  and  eccentricities  of 
their  orbits,  they  all  resemble  the  first  four  discovered  in  the  begin- 
ning of  the  centuiy,  and  are  therefore  in  oomplete  acoordaDoe  with 
the  conditions  mentioned  in  the  curious  hypothesis  of  Olbera  above 
stated. 

In  the  following  table  is  given  a  complete  list  of  the  planetoids 
discovered  up  to  me  close  of  the  last  year  (1852),  with  the  dates 
of  their  discovery,  and  the  names  of  their  discoverers. 

The  planet  discovered  by  M.  Gasparis,  on  the  17th  of  March, 
1852,  was  observed  by  that  astronomer  at  the  Naples  Observatory, 
on  the  17th,  19th,  and  20th  March.  It  appeared  as  a  star  of  the 
10th  or  11th  magnitude.  The  observations  were  published  in  the 
''  Comptes  Rendus''  of  the  Academy  of  Sciences,  Paris,  tome  xxxiv. 
p.  532. 

The  planet  discovered  by  M.  Luther  was  observed  by  that  astro- 
nomer at  Bilk  near  Dnsseldorf,  on  the  17th  April,  and  again  by  M. 
Argeknder,  on  the  22d  April,  at  Bonn.  The  obeervatiops  were 
published  in  the  "  Comptes  Eendus'^  of  the  Paris  Academy,  tome 
xxxiv.  p.  647. 


THB  PLAKETOIDS. 


•15 


2726.  Tahle  ihowing  the  number  of  Planetoids  ditcovered  he/on 
Irf  January,  1853,  the  names  cm/erred  ujxm  them,  their  ducaver- 
ert,  and  the  dates  of  their  discovery. 


Num. 

Dweovmr. 

w..^«™. 

Otova. 

Plaatl. 

Jan.  1,1801. 

Palermo. 

PaUM. 

Olben. 

March  28, 1802. 
8aptl,lS04. 

Bremen. 

Jnno. 

Hanttn«. 

LilienthaL 

Yerta. 

Olbera. 

Maroh  29, 1807. 

Bremen. 

AstXttA. 

Hanke. 

Dee.  8, 1845. 
Jnly  1, 1847. 

Drelaaen  (Pronla). 

Helw. 

Hanka. 

Drelaaaa. 

Iris. 

Hind. 

Aug.  13, 1847. 

London. 

Flora. 

Hind. 

Oet  18, 1847. 

London. 

Hetia. 

Oraham. 

April  25, 1848. 

Markrea  (IzelaadX 

10 

Bygeia. 

BeOaspani. 

April  12, 1840. 
kay  11, 1850. 

Naplea. 

11 

BeOasparia. 

Naplea. 

12 

YlfltorU     (caUed 
CUobjrAmerlnn 

TnnH. 

8aptl3,1860. 

London. 

18 

Efeerte. 

BeOasparia. 

KoT.2,18W. 
May  19, 1851. 
July  29, 1851. 
Maroh  17, 1852. 
April  17, 1862. 

Naplea. 

14 

Il«IM.« 

Hind. 

London. 

U 

Bunomk. 

DaQaaparla. 

Naplea. 

18 
17 

?KSr 

DaOasparifl. 
Lather. 

Naplea. 

Bilk  (BuMtdaiO. 

18 

Hfaid. 

June  24, 1852. 

London. 

19 

Fortana. 

Hind. 

Anr.22,185Z 
8«pl20,185Z 

London. 

» 

MMnlU. 

GhacomaoL 

ManeiUaa. 

21 

Lotetia. 

Not.  15, 1862. 

Parle. 

22 

Hind. 

Not.  18, 1882. 

London. 

2S 

Thalia. 

Hind. 

I>a&15,1862. 

London. 

*  TUa  planet  vaa  diaooTered  liy  M.  de  Oaaparia  Jbnr  daye  later,  at  Naplea,  bafbia  that 
aitvanoaar  bad  leoaiTed  the  intwmaUon  of  the  dieooTeiy  of  Mr.  Hind. 

2726.  The  discovery  of  these  mainly  due  to  amateur  astrono- 
mers, —  Br.  Olbers  was  a  practitioner  in  medicine,  Messrs.  Henke, 
Lather,  and  Ooldschmit,  amatenr  observers,  Mr.  Hind  has  been 
engaged  in  the  jpriyate  obsenratoiy  of  Mr.  Bishop,  in  the  Regent's 
Park,  and  Mr.  Graham  in  that  of  Mr.  Cooper,  at  Markree,  in  the 
eonnty  of  Sligo,  in  Ireland.  It  appears,  therefore,  that  of  these 
twenty-three  members  of  the  solar  system,  the  scientific  world  owes 
no  less  than  fourteen  to  amateur  astronomers,  and  observatories 
erected  and  maintained  by  private  individuals,  totally  unconnected 
with  any  national  or  public  establishments,  and  receiving-  no  aid  or 
support  from  the  state.  Mr.  Hind  has  obtained  for  himself  the 
honourable  distinction  which  must  attach  to  the  discoverer  of  eight 
of  these  bodies.  Five  are  due  to  M.  de  Oasparis,  assistant  astro- 
nomer at  the  Royal  Observatory  at  Naples. 

M.  Hermann  Goldschmit  is  an  historical  painter,  a  native  of 
Frankfort  on  the  Maine,  but  resident  for  the  last  eighteen  years  in 
Paris.  He  discovered  the  planet  with  a  small  ordinary  telescope, 
placed  in  the  balcony  of  his  apartment,  No.  12  rue  de  Seine,  in  the 
mbourg  St.  Oermain. 

2727.  Their  remarkable  accordance  with  Dr.  OXberi  hypothesis. 
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— The  orbits  of  several  of  those  observed  in  1852  have  not  yet 
been  calculated,  but  all  those  which  have  been  computed  are  com- 
prised between  the  mcao  distances  2-2  and  3*2,  that  to  the  earth 
being  1*0.  The  magnitudes  of  all  of  these  bodies,  with  one  or 
two  ezceptions,  are  too  minute  to  be  ascertained  by  any  means  of 
measurement  hitherto  discovered,  and  may  be  inferred  with  great 
probability  not  to  exceed  100  miles  in  diameter.  The  largest  of 
the  group  is  probably^  less  than  500  miles  in  diameter.  It  cannot 
fiiil,  therefore,  to  be  observed  in  how  remarkable  a  manner  they 
conform  to  the  conditions  involved  in  the  hypothesis  of  Dr.  Olbers. 
2728.  Force  of  gravity  on  the  planetoids,  —  From  the  minute- 
ness of  their  masses,  the  force  of  gravity  on  the  surfaces  of  these 
bodies  must  be  very  inconsiderable,  and  this  would  account  for  a 
much  greater  altitude  of  their  atmospheres  than  is  observed  on  the 
larger  planets,  since  the  same  volume  of  air  feebly  attracted  would 
dilate  into  a  volume  comparatively  enormous.  Muscular  power 
would  be  more  efficacious  on  them  in  the  same  proportion.  Thus  a 
man  might  spring  upwards  sixty  or  eighty  perpendicular  feet,  and 
return  to  the  ground,  sustaining  no  greater  shock  than  would  be  felt 
npon  the  earth  in  descending  from  the  height  of  two  or  three  feet. 
'<  On  such  planets/'  observes  Herschel,  <<  giants  might  exist,  and 
those  enormous  animals  which  on  earth  require  the  buoyant  power 
of  water  to  counteract  their  weight." 


CHAP.   XV. 

THE   MAJOR  PLANETS. 

I.  Jupiter. 


2729.  Jovian  system,  —  Passing  across  the  wide  space  which  lies 
beyond  the  range  of  the  three  planets  which,  with  the  earth,  revolve 
as  it  were  under  the  wings  of  the  sun, — a  space  which  was  regarded 
as  an  anomalous  desert  in  the  planetary  regions  until  contemporary 
explorers  found  there  what  seem  to  be  the  ruins  of  a  shattered  world, 
— we  arrive  at  the  theatre  of  other  and  more  stupendous  oosmical 
phenomena.  The  succession  of  planets,  broken  by  the  absence  of 
one  in  the  place  occupied  by  the  planetoids,  is  resumed,  and  four 
orbs  are  found  constructed  upon  a  comparatively  Titanic  scale,  each 
attended  by  a  splendid  system  of  moons,  presenting  a  miniature  of 
the  solar  system  itself,  and  revolving  round  the  common  centre  of 
light,  heat,  and  attraction,  at  distances  which  almost  confonnd  the 
imagiBktion. 
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2730.  Period. — The  synodic  period  of  Jupiter  is  laoertained  by 
olflemtion  to  be  398  days.  Henoe  to  obtain  its  periodic  time  P, 
we  htm  (2589) 

1_      1  1  _      1 

p      365-25      398      4332-6 

The  period  is  therefore  4332*6  dam  or  11-86  years. 

2731.  ffdioeenine  and  Synodic  moHom,  —  The  daily  angolar 
heliooentrio  motion  of  Jnpiter  is  therefore 

The  meaa  anj^  gained  daily  by  the  earth  or  son  npon  Jnpiter,  is 
therefore 

0<».9856  —  0*»083  =  0^-9026 = 54'156. 

2732.  Distance,  —  The  distance  of  Jnpiter  from  the  snn  may  be 
computed  by  means  of  the  Harmonic  Law  (2621)^  the  period  lieing 
known.     This  method  gives 

(11-83)"  =  (5-2028)'. 

The  mean  distance  of  Jupiter  from  the  sun  is  therefore  5|  times 
that  of  the  earth;  and  since  the  earth's  mean  distance  is 95  millions 
of  miles,  that  of  Jupiter  must  be  494  millions  of  miles. 

The  eccentricity  of  Jupiter's  orbit  being  0-048,  Uiis  distance  is 
liable  to  variation,  being  augmented  in  aphelion  and  diminished  in 
perihelion  by  24  millions  of  miles.  The  greatest  distance  of  the 
planet  from  the  sun  is  therefore  518,  and  the  least  470,  millions  of 
miles. 

The  small  eccentricity  of  the  orbit  of  this  planet,  combined  with 
its  small  inclination  to  Uie  plane  of  the  ecliptic,  is  of  great  import- 
vioe  in  its  effect  in  limiting  the  disturbances  consequent  upon  its 
mass,  which,  as  will  hereafter  appear,  is  greater  than  the  aggregate 
of  the  masses  of  all  the  other  planets  primary  and  secondary  ti^en 
together.  K  the  orbit  of  Jupiter  had  an  ecceutricity  and  inclination 
u  considerable  as  those  of  the  planet  Juno,  the  perturbations  pro- 
duced by  this  mass  upon  the  motions  of  the  other  bodies  of  the  sys- 
tem, would  be  twenty-seven  times  greater  than  they  are  with  its 
preseDt  small  eccentricity  and  inclination. 

2733.  RdoUive  Kale  of  the  orbits  of  Jupiter  and  the  Earth. — 
The  relative  magnitudes  of  the  distances  of  Jupiter  and  the  earth 
from  the  sun,  and  the  apparent  magnitude  of  the  orbit  of  the  earth 
^  Been  from  Jupiter,  are  represented  in  fig,  756,  where  the  planet 
is  at  J,  the  sun  at  8,  and  the  orbit  of  the  earth  £  i!  is!"  e''. 

The  direction  of  the  orbital  motions  being  represented  by  the 
urowB,  it  will  be  evident  that  when  the  earth  is  at  i  the  planet  is  in 

27* 
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Fig.  756. 
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oppomtioD,  at  ^  in  coDJunctioDy  at  s'  in  quadrature  west,  and  at  i^ 
in  qoadratnre  east  of  the  san. 

2734.  Annual  parallax  of  Jupiter. — To  determine  the  angle 
6  J£',  which  the  semi-diameter  of  the  earth's  orbit  subtends  at  Jupi- 
ter, or  the  annual  parallax  of  the  planet,  it  may  be  assumed  without 
material  inexactness,  that  a  k'  is  nearly  equal  to  an  arc  describe  with 
J  as  centre,  and  8  J  as  radius,  and  consequently  (^2294) 

T2"  ■"  ^^  • 
The  annual  parallax  of  Jupiter  is  therefore  11®,  and  consequently 
the  orbit  of  the  earth  subtends  at  the  planet  an  angle  of  22®. 

2735.  Variation  of  distance  from  the  ear^.— Since  the  greatest 
and  least  distances  J  e"'  and  J  E  of  Jupiter  from  the  earth  are  the 
sum  and  difference  of  the  distances  of  the  planet  and  earth  from  the 
sun,  we  shall  have 

J  ■///  «  494  +  95  «  689  miUioDS  of  miles. 

J  B  as  494  —  96  ss  899  millions  of  miles. 

J  B^  »  ^  (494'— 96*)  =  485  milUons  of  miles. 

The  extreme  distances  of  the  planet  are  therefore  in  the  ratio  of  6 
to  5  nearly. 

By  the  ellipticity  of  the  earth's  orbit,  the  distances  at  opposition 
and  conjunction  may  be  increased  or  diminished  by  1}  million  of 
miles,  and  by  that  of  the  planef  s  orbit  by  24  millions  of  miles. 
From  both  causes  combined  they  may  vary  from  their  mean  values 
more  or  leas  by  25}  millions  of  miles. 

2736.  Its  prodigious  orbital  velocity, — ^The  velocities  with  which 
the  pknets  move  through  space  in  their  circumsolar  courses  are  on 
the  same  prodigious  scale  as  their  distances  and  magnitudes.  It  is 
impossible,  by  the  mere  numerical  expression  of  these  enormous 
magnitudes  and  motions,  to  acquire  any  tolerably  clear  or  distinct 
Dotion  of  them.  A  cannon-ball  moving  at  the  rate  of  500  miles  an 
hour,  would  take  nearly  a  century  to  come  from  Jupiter  to  the  earth, 
even  when  the  planet  is  nearest  to  us,  and  a  steam-engine  moving  on 
a  railway  at  50  miles  an  hour  would  take  nine  centuries  to  perform 
the  same  trip. 

Taking  the  diameter  of  Jupiter's  orbit  at  1000  millions  of  miles, 
its  circumference  is  above  3000  millions  of  miles,  which  it  moves 
over  in  4333  days.  The  distance  it  travefs  is,  therefore,  700,000 
miles  per  diy,  30,000  per  hour,  500  per  minute,  and  8|  per  second, 

—  a  speed  sixty  times  greater  than  that  of  a  cannon-ball. 

2537.  Intervals  between  opposition,  conjunction,  and  quadrature, 

—  If  the  disUnce  of  the  planet  from  the  sun  bore  an  indefinitely 
great  ratio  to  that  of  the  earth,  the  quadratures  would  divide  the 
lerai-^odic  period  into  parts  precisely  equal ;  for  in  that  case  J  ^ 
and  J  x''  would  bo  practically  parallel,  and  the  bent  line  x'  8 1^' 
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troald  become  straight,  and  would  be  a  diameter  of  tbe  earth's  orbit. 
Although  this  is  not  the  case,  the  angle  formed  by  8  e'  and  s  e'' 
being  less  than  180°  by  the  magnitude  of  the  angle  e'  8  E"  only,  the 
intervals  into  which  the  semi-synodic  period  is  divided  are  not  very 
iine<iual. 

We  shall  have  the  angle  b'  8  b"  =  180^  —  22°  =  158°,  and  it 
is  evident  that  the  time  of  gaining  this  angle  will  bear  (he  same 
proportion  to  the  synodic  period  which  the  angle  itself  bears  to 
860°.  Hence,  it  follows,  that  if  t  express  the  interval  from  the 
quadrature  west  to  the  quadrature  east,  and  f  the  interval  from  the 
quadrature  east  to  the  quadrature  west,  we  shall  have 

«  =  ^x898  =  174|d«y», 

i'  =  ^  X  398  =  223J  days. 

It  follows,  therefore,  that  the  interval  between  opposition  and  qua- 
drature is  87 1  days,  and  the  interval  between  conjunction  and  qua^ 
drature  is  11  If  days. 

These  are  mean  values  of  the  intervals  which  are  subject  to  vari- 
ation owing  to  the  eccentricities  of  the  orbits  of  the  earth  and  planet 

2738.  Jupiter  h(u  no  sennhh  pTuues.  —  The  mere  inspection  of 
the  diagram,  Jig,  752,  will  show  that  this  planet  cannot  be  sensibly 
gibbous  in  any  position.  The  position  in  which  the  enlightened 
beiAisphere  is  in  view  most  obliquely  is  when  the  earth  is  at  a'  cr 
iTf  and  the  planet  consequently  in  quadrature,  and  even  then  the 
centre  of  the  visible  hemisphere  is  only  11°  distant  from  the  centre 
of  the  enlightened  hemisphere  (2734). 

2739.  Appearance  in  the  firmament  at  night  —  Since  between 
quadrature  and  opposition  the  planet  is  above  the  horison  during  the 
greater  part  of  the  night,  and  appears  with  a  full  phase,  it  is  thus 
favourably  placed  for  observation  during  6  months  in  13  months. 

2740.  Stations  and  retrogression,  —  From  a  comparison  of  the 
orbital  motions  and  distance  of  Jupiter  and  the  earth,  it  appears  that 
the  planet  is  stationary  at  about  two  months  before  and  two  months 
after  opposition ;  and  since  the  earth  gains  upon  the  planet  at  tbe 
daily  rate  of  0°'907,  the  angle  it  gains  in  two  months  must  be 

0°.-907  X  61  =  54°43. 

The  angular  distance  of  the  points  of  station  from  opposition,  as 
seen  from  the  sun,  is  therefore  about  54°,  which  corresponds  to  an 
elongation  of  114°. 

The  planet  is  therefore  stationary  at  about  66°  on  each  dde  of 
its  opposition. 

Its  arc  of  retrogression  is  a  little  less  than  10°,  and  the  time  of 
describing  it  varies  from  117  to  123  days. 
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2741.  Apparent  and  real  diameters,  —  Tho  apparent  diameter 
of  Jupiter  when  in  opposition  varies  from  42"  to  48",  according  to 
the  relative  positions  of  the  planet  and  the  earth  in  their  elliptic 
orbits.  At  its  mean  opposition  distance  from  the  earth  its  apparent 
magnitude  is  45".  In  conjunction  the  mean  apparent  diameter  is 
30",  its  valne  at  the  mean  distance  from  the  earth  being  37 i". 

At  the  distance  of  399  millions  of  miles  the  linear  value  of  1"  is 

-206265"  =  ^®^°*^^' 

and  consequently,  the  planef  a  diameter  d'  will  be  ] 

1/  =  1934  X  45  =  87030  miles. 

According  to  more  accurate  methods,  the  mean  diameter  is  ascer- 
tained to  be  88640  miles.  The  diameter  of  Jnpiter  is  therefore 
11-18  times  that  of  the  earth. 

2732.  Jupiter  a  conspicuous  object  in  the  firmament — relative 
splendour  of  Jupiter  and  Mars.  —  Although  the  apparent  magni- 
tude of  Jnpiter  is  less  than  that  of  Yenus,  the  former  is  a  more  con- 
spicuous and  more  easily  observable  object,  inasmuch  as  when  in 
opposition  it  is  in  the  meridian  at  midnight,  and  when  its  opposition 
takes  place  in  winter,  it  passes  the  meridian  at  an  altitude  nearly 
equal  to  that  which  the  sun  has  at  the  summer  solstice.  By  reason^ 
therefore,  of  this  circumstance,  and  the  complete  absence  of  all  solar 
light,  the  splendour  of  the  planet  is  very  great,  whereas  Venus,  even 
at  the  greatest  elongation,  descends  near  the  horizon  before  the 
entire  cessation  of  twilight. 

The  apparent  splendour  of  a  planet  depends  Odnjointly  on  the 
Apparent  area  of  its  disk,  and  the  intensity  of  the  illumination  of  its 
Bor&ce.  The  area  of  the  disk  is  proportional  to  the  square  of  its 
apparent  diameter,  and  the  illumination  of  the  surface  depends  con- 
jointly on  the  intensity  of  the  sun's  light  at  the  planet,  and  the 
reflecting  power  of  the  sur&ce.  On  comparing  Mars  with  Jupiter, 
we  find  the  apparent  splendour  of  the  latter  planet  much  greater 
than  it  ought  to  be,  as  compared  with  the  former,  if  the  reflecting 
power  of  Uiese  sur&ces  were  the  same,  and  are  consequently  com- 
pelled to  conclude  that  the  sur&ce  of  Mars  is  endowed  with  some 
physical  quality,  in  virtue  of  which  it  absorbs  much  more  of  the  solar 
light  incident  upon  it  than  that  of  Jupiter  does.  When  the  apparent 
dumeter  of  the  latter  is  twice  that  of  the  former,  its  apparent  area  is 
fourfold  that  of  the  former.  But  the  intensity  of  the  solar  light  at 
Jnpiter  is  at  the  same  time  about  thirteen  times  less  than  at  Mars ; 
and  if  the  reflective  power  of  the  surfaces  were  equal,  the  apparent 
splendour  of  Mars  would  be  more  than  three  times  that  of  Jupiter. 
The  reflective  power  must,  therefore,  be  less  in  a  sufficient  proportion 
to  expUdn  the  inferior  splendour  of  MarS;  unless^  indeed^  tiie  very 
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improbable  stippoBiUon  be  admitted  that  there  may  be  a  souroe  of  light 
in  Jupiter  independent  of  solar  illnmination. 

2743.  Surface  and  volume,  —  If  s  and  y  be  the  surfaoe  and 
Tolnme  of  the  earth,  s'  and  y'  being  those  of  Jnpiter,  we  shall  haye 

b'  =  126  X  s        y'  =  1397-4  x  y. 
The  surface  of  Jupiter  is  therefore  above  125  times,  and  its  yolame 
about  1400  times,  that  of  the  earth. 

To  produce  a  globe  such  as  that  of  Jupiter,  it  would  be  neoeasary 
to  mould  into  a  single  globe  1400  globes  like  that  of  the  earth. 

The  relative  magnitudes  of  the  elobes  of  Jupiter  and  the  earth 
are  represented  in^.  757  bj  J  and  e. 


«o 


2744.  Sda/r  light  and  heat  —  The  mean  distance  of  Jnjnter 
from  the  sun  being  5*2  times  that  of  the  earth,  the  apparent  diameter 
of  the  sun  to  the  inhabitants  of  that  planet  will  be  less  than  its  ap- 
parent diameter  at  the  earth  in  the  proportion  of  5*2  to  1.  The 
relative  apparent  magnitudes  of  the  disk  of  the  sun  at  Jupiter  and  at 
the  earth  are  represented  in  y{^.  758  at  x  and  J. 
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The  dennty  oi  solar  ndiation  being  in  the  exact  proportion  of 
the  apparent  superfioial  magnitudes  of  the  disks,  the  illuminating 
and  heating  powers  of  the  sun  will,  ceteris  paribus^  be  less  in  the 
same  proportion  at  Jupiter  than  at  the  earth. 

As  has  been  already  observed,  however,  this  diminished  power 
as  well  of  illamination  as  of  warmth,  may  be  oompensated  by  other ' 
physical  provisions. 

2745.  Rotation  and  direction  of  the  axis.  —  Although  the  linea- 
ments of  light  and  shade  on  Jupiter's  disk  are  general^  subject  to 
variations,  which  prove  them  to  be,  for  the  most  part,  atmospheric, 
nevertheless  permanent  marks  have  been  occasionally  seen,  by  means 
of  which  the  diurnal  rotation  and  the  direction  of  the  axis  have 
been  ascertained  within  very  minute  limits  of  error.  The  earlier 
observers,  whose  instruments  were  imperfect,  and  observations  con- 
sequently inaccurate  comparatively  with  those  of  a  more  recent  date, 
ascertained  nevertheless  the  period  of  rotation  with  a  degree  of  ap- 
proximation to  the  results  of  the  most  elaborate  observations  of  the 
present  day,  which  is  truly  surprising,  as  may  appear  by  the  fol- 
lowing statement  of  the  estimates  of  various  astronomers : — 

H.  IL     s 

CM8ini(1665) 9  66 

Silvabelie 9  56 

Schroter  (1786) 9  65    88 

Airy 9  55   24-6 

Hadler(1885) 9  56   26-66 

The  estimate  of  Professor  Airy  is  based  upon  a  set  of  observations 
made  at  the  Cambridge  Observatory.  That  of  Madler  is  found^ 
upon  a  series  of  observations,  commencing  on  the  3rd  of  November, 
1834,  and  eontinued  upon  every  clear  night  until  April,  1835,  during 
which  interval  the  planet  made  400  rovolutions.  These  observations 
wero  favoured  by  the  presence  of  two  remarkable  spots  near  the 
equator  of  the  planet,  which  retained  their  position  unaltered  for 
aeversl  months.  The  period  was  determined  by  observing  the  mo- 
ments at  which  the  centres  pf  the  spots  arrived  at  the  middle  of 
the  disk. 

The  direction  of  the  apparent  motion  of  the  spots  gave  the  posi- 
tion of  the  equator,  and  consequently  of  the  axis,  which  is  inclined 
to  the  plane  of  the  planet* s  orbit  at  an  angle  of  3°  6'. 

The  length  of  the  Jovian  day  is  therefore  less  than  that  of  the 
temstaial  day  in  the  ratio  of  596  to  1440,  or  1  to  2-42. 

2746.  Jovian  years, — Since  the  period  of  Jupiter  is  4332*6  ter- 
restrial days,  it  will  consist  of 

4332-6  ==  10484-9 
Jovian  days.* 

*  Th«  day  here  oompnted  is  the  sidereal  day,  which,  in  the  case  of  the 
laperior  planets,  differs  from  the  mean' solar  day  by  a  quantity  ao  inaig- 
aificant  that  it  may  be  neglected  in  such  illustrationa  aa  these. 
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2747.  Seaaoru. — At  the  Jovian  equinoxes  the  lengUi  of  Uie  day 
in  terrestrial  time  must  be  4*^  57*°*  48*5'-.  Owing  to  the  yeiy  small 
obliquity  of  the  plane  of  the  planet's  equator  to  that  of  its  orbit, 
not  much  exceeding  the  eighth  part  of  the  obliquity  of  the  earth's 
equator,  the  difference  of  me  extreme  length  of  the  days  at  mid- 
summer and  midwinter,  even  at  high  latitndes,  must  necessarily  be 
small.     Thus  at 

H.     M.     8. 

Lat.  40O.— Longest  day 6      6    26 

Shortest  day 4    49    14 

Difference ^  0    17    12 

Lat  60O.— Longest  day 6    16    47 

Shortest  day 4    89    68 

Differenoe 0    86    64 


The  diurnal  phenomena  at  midwinter  and  midsummer  on  the 
earth  in  latitudes  higher  than  66}^  are  only  exhibited  on  Jupiter 
within  a  small  circle  circumscribing  the  pole  at  a  distance  of  S*'  6'. 

The  extremes  of  temperature,  so  far  as  they  depend  on  the  vaiy- 
ing  distance  of  the  planet  from  the  sun,  being  in  the  proportion  of 
the  squares  of  the  aphelion  and  perihelion  distances,  are  as 
518»:470«::6:6nearly. 

It  appears,  therefore,  that  except  in  the  near  neighbourhood  of 
the  poles  the  vicissitudes  of  temperature  and  season  to  which  the 
surface  of  this  planet  is  exposed,  whether  arising  from  the  obliquity 
of  its  axis  or  the  eccentricity  of  its  orbit,  are  confined  within  ex- 
tremely narrow  limits. 

2748.  Telescopic  appearance  of  Jupiter,  —  Of  all  the  bodies  of 
the  system,  the  moon  perhaps  alone  excepted,  Jupiter  presents  to 
the  telescopic  observer  the  most  magnificent  spectacle.  Notwith- 
standing its  vast  distance,  such  is  its  stupendous  magnitude  that  it 
is  seen  under  a  visual  angle  nearly  twice  that  of  Mars.  A  telescope 
of  a  given  power,  therefore,  shows  it  with  an  apparent  disk  four 
times  greater.  It  has,  consequently,  been  submitted  to  examination 
by  the  most  eminent  observers,  and  its  appearances  described  with 
great  minuteness  of  detail.  The  apparent  diameter  in  opposition 
(when  it  is  on  the  meridian  at  midnight)  is  about  the  fortieth  part 
of  that  of  the  moon,  and,  therefore,  a  telescope  with  the  very  mode- 
rate magnifying  power  of  forty,  presents  it  to  the  observer  with  a 
disk  equal  to  that  with  which  the  full  moon  is  seen  with  the  naked 
eye. 

2749.  Magnifying  powers  necessary  to  show  the  features  of  the 
disk,  —  A  power  of  four  or  ^ye  is  sufficient  to  enable  the  observer 
to  see  the  planet  with  a  sensible  disk  3  a  power  of  thirty  shows  the 
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more  prominent  belts  and  the  oval  form  of  the  diak  produced  bj 
the  oblateness  of  the  spheroid ;  a  power  of  forty  showB  it  with  a 
disk  as  large  as  that  which  the  fall  moon  presents  to  the  naked  eye; 
hat  to  be  enabled  to  observe  the  finer  streaks  which  prevail  at  greater 
distances  firom  the  planef  s  eqnatoTi  it  is  not  only  necessary  to  see 
the  planet  utder  fiLvonrable  circumstances  of  position  and  atmo- 
sphere, bat  to  be  aided  by  a  well-defining  telescope  with  magnifying 
powers  varying  from  200  to  800. 

2750.  Aits  —  their  arrangement  and  ajmearance. — ^The  pUnet, 
when  thns  viewed,  appears  to  exhibit  a  disk,  the  groand  of  which 
is  a  light  yellowish  colour,  brightest  near  its  equator,  and  melting 
gradawy  into  a  leaden-coloured  gray  towards  the  poles,  still  rettdn- 
ing,  nevertheless,  somewhat  of  its  yellowish  hue.  Upon  this  ground 
are  seen  a  series  of  brownish-gray  streaks,  resembling  in  their  form 
and  arrangement  the  streaks  of  clouds  which  are  often  observed  in 
the  sky  on  a  fine  calm  evening  after  sunset.  The  general  direction 
of  thoBe  Btredss  is  parallel  to  the  eauator  of  the  pLinet,  thou§^ 
sometimes  a  departure  from  strict  parallelism  is  observable.  They 
are  not  all  equally  conspicuous  or  distinctly  defined.  Two  are  sene- 
rally  strikingly  observable,  being  extended  north  and  south  (tt  the 
planet's  equator,  separated  by  a  bright  yellow  sone,  being  a  part  of 
the  general  ground  of  the  disk.  These  principal  streaks  commonlv 
extend  around  the  globe  of  the  planet,  being  visible  without  much 
change  of  form  during  an  entire  revolution  of  Jupiter.  This,  how- 
ever, is  not  always  the  case;  for  it  has  happened,  though  rarely,  that 
one  of  these  streaks,  at  a  certain  point,  was  broken  sharply  off,  so  as 
to  present  to  the  observer  an  extremity  so  well  defined  and  unvn- 
ryiog  for  a  considerable  time  as  to  supply  the  means  of  ascertaining, 
with  a  very  close  approximation,  the  time  of  the  planet's  rotation. 
The  borders  of  these  principal  streaks  are  sometimes  sharp  and 
even,  bat,  sometimes  (those  especially  which  are  further  from  the 
equator),  rugged  and  uneven,  throwing  out  arms  and  ofbhoots. 

2751.  Thote  near  the  poU9  tnore  faint,  —  On  the  parts  of  the 
disk  more  remote  from  the  equator,  the  streaks  are  much  more  taint, 
narrower,  and  less  regular  in  their  parallelism,  and  can  seldom  be 
distinctly  seen,  except  by  practised  observers,  with  good  telescopes. 
With  these,  however.  What  appears  near  the  poles,  in  instruments 
of  inferior  power,  as  a  dim  shadine  of  a  yellowish-gray  hue,  is  re- 
solved into  a  system  of  fine  parallel  streaks  in  close  juxtoposition, 
which  becoming  closer  in  approaching  the  pde,  finally  coalesce. 

2752.  Dieappear  near  the  limb,  — In  general,  all  the  streaks  be- 
come less  and  less  distinct  towards  either  the  eastern  or  western  limb, 
disappearing  altogether  at  the  limb  itself. 

2753.  Beits  pot  zenographical  features^  hut  atmospheric, — Al- 
thoof^  these  streaks  have  infinitely  greater  permanency  than  the 
arrangements  of  the  clouds  of  our  atmosphere,  and  are^  as  we  have 
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Been,  eyen  more  permanent  tban  is  necessary  for  tbe  exact  determi- 
nation  of  the  planet's  rotation,  they  are  nevertheless  entirely  desti- 
tute of  that  permanence  which  would  characterise  Zenographio  fea- 
tures, such  as  are  observed,  for  example,  on  Mars.  The  streaks,  on 
the  contrary,  are  subject  to  slow  but  evident  variations,  so  that  after 
the  lapse  of  some  months  the  appearance  of  the  disk  is  totally 
changed. 

2754.  Telescopic  drawings  of  Jupiter  by  JHeUNer  and  SerwcM. 
—  These  general  observations  on  the  appearance  of  Jupiter's  disk 
will  be  rendered  more  clearly  intelligible  by  reference  to  the  tele- 
scopic drawings  of  the  planet  given  in  plate  X.  In^.  1,  is  given 
a  telescopic  view  of  the  disk  by  Sir  John  Herschel,  as  it  appeared 
in  the  20-feet  reflector  at  Slough  on  the  23rd  Sept,  1832.  The 
other  views  were  made  by  M.  Madler  from  observations  taken  in 

1835,  and  1836,  at  the  dates  indicated  on  the  plate. 

2755.  Observations  and  conclusions  of  Madler, — ^The  two  black 
spots  represented  in  fgs.  2,  3,  and  4,  were  those  by  which  the  time 
of  rotation  was  determined  (2745).  They  were  first  observed  by 
M&dler,  on  the  3rd  of  Nov.,  1834.  The  effect  of  tbe  rotation  on 
these  spots  was  so  apparent  that  their  change  of  position  with  rela- 
tion to  the  centre  of  the  disk,  in  the  short  interval  of  five  minates, 
was  quite  perceivable.  A  third  spot,  much  more  faint  than  these, 
was  visible  at  the  same  time,  the  distances  separating  the  spots  be- 
ing about  24^  of  the  planet's  surface.  It  was  estimated  that  the 
diameter  of  each  of  the  two  spots  represented  in  the  diagrams  was 
8680  miles,  and  the  distance  between  them  was  sometimes  observed 
to  increase  at  the  rate  of  half  a  degree,  or  330  miles,  in  a  month. 
The  two  spots  continued  to  be  distinctly  visible  from  the  3rd  of 
November,  1834,  when  they  were  first  observed,  until  the  18th  of 
April,  1835;  but  during  this  interval  the  streak  on  which  they 
were  placed  had  entirely  disappeared.  It  became  gradually  fainter 
in  January  (see  Jig.  4),  and  entirely  vanished  in  February;  the 
spots,  however,  retaining  all  their  distinctness.  The  planet,  after 
April,  passing  towards  oonjuoction,  was  lost  in  tbe  light  of  the  sun ; 
and  when  it  reappeared  in  August,  after  conjunction,  the  spots  had 
altogether  vanished 

The  observations  being  continued,  the  drawings,  figs,  5,  and  6, 
were  made  from  observations,  on  the  16th  and  17  th  of  January, 

1836,  when  the  entire  aspect  of  the  disk  was  changed.  The  two 
figures  5  and  6,  represent  opposite  hemispheres  of  the  pknet.  The 
former  presents  a  striking  resemblance  to  the  principal  belts  in  the 
drawing  of  Sir  J.  Herschel,  fig,  1. 

It  was  remarked  that  the  two  spots,  when  carried  round  by  the 
rotation,  became  invisible  at  55^  to  57^  from  tbe  centre  of  the 
disk.  This  is  an  effect  which  would  be  produced  if  the  spots  were 
openings  in  the  mass  of  clouds  floating  in  the  atmosphere  of  tbe 
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planet,  and  would  be  explicable  in  the  same  manner  as  ia  the  dis* 
appearance  of  apota  on  the  sun  in  approaching  the  edges  of  the  diak. 
A  proper  motion  with  a  slow  velocity,  and  in  a  direction  contrary  to 
the  roation  of  the  placet,  waa  observed  to  affect  the  spots,  and  this 
motion  continued  with  greater  uniformity  in  March  and  April,  after 
the  disappearance  of  the  belt. 

It  was  calculated  that  the  velocity  of  their  proper  motion  over  the  sur> 
face  of  the  planet,  was  at  the  rate  of  from  three  to  four  milea  an  hour. 

Although  the  two  black  spots  were  not  observed  by  Madler  until 
the  first  £ys  of  November,  they  had  been  previously  seen  and  ex» 
amined  by  Schwabe,  who  observed  them  to  undergo  several  curious 
chances,  in  one  of  which  one  of  them  disappear^  for  a  certain  in- 
tervJ,  its  place  being  occupied  by  a  mass  of  fine  dots.  It  soon, 
however,  reappeared  as  before. 

From  all  these  circumstances,  and  many  others  developed  in  the 
course  of  his  extensive  and  long-continued  observations,  M&dler 
considers  it  hiehly  probable,  if  not  absolutely  certain,  that  the  at- 
mosphere of  Jupiter  is  continually  charged  with  vast  masses  of 
douds  which  completely  conceal  hia  surface;  that  these  clouds  have 
a  permanence  of  form,  position,  and  arrangement  to  which  there  is 
nothing  analogona  in  the  atmosphere  of  the  earth,  and  that  such 
permanence  may  in  some  degree  be  explained  by  the  great  leneth 
and  very  small  variation  of  the  seasons.  He  thinks  it  probable 
that  the  inhabitants  of  phioes  in  latitudes  above  40°  never  behold 
the  firmament,  and  those  in  lower  latitudes  only  on  rare  occasions. 

To  these  inferences  it  may  be  added  that  the  probable  cause  as- 
signed for  the  distribution  of  the  masses  of  clouds  in  streaks  parallel 
to  the  equator,  is  the  prevalence  of  atmospheric  currents  analogous 
to  the  trades,  and  ariaing  from  a  like  cause,  but  marked  by  a  con- 
stancy, intensity,  and  regularity  exceeding  those  which  prevail  on 
the  earth,  inasmuch  as  the  diurnal  motion  of  the  surface  of  Jupiter 
is  more  rapid  than  that  of  the  earth  in  the  combined  proportion  of 
the  velocity  of  the  diurnal  rotation  and  the  magnitude  of  the  cir- 
cumference, that  is,  as  27  to  1  nearly. 

It  is  also  probable  that  the  bright  yellowish  general  ground  of 
Jupiter's  disk  consists  of  clouds,  which  reflect  light  much  more 
strongly  than  the  most  dense  masses  which  are  seen  illuminated  by 
the  sun  in  our  atmosphere ;  and  that  the  darker  streaks  and  spots 
oheerved  upon  the  disk  are  portions  of  the  atmosphere,  either  free 
from  clouds  and  through  which  the  surface  of  the  planet  is  visible 
more  or  leas  distinctly,  or  clouds  of  less  density  and  less  reflecting 
power  than  those  which  float  over  the  general  atmosohere  and  form 
the  ground  on  which  the  belts  and  spots  are  seen. 

That  the  atmo!*phere  has  not  any  very  extraordinary  height  above 
the  surface  of  the  planet,  is  proved  by  the  sharply  defined  edge  of 
the  disk.    If  its  height  bore  any  oonaiderable  proportion  to  th* 
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diameter  of  Uie  planet,  ttie  light  towards  the  edges  of  the  diak  would 
become  gradually  fainter,  and  the  edges  would  be  nebulous  and  ill- 
defined.     The  reverse  is  the  case. 

2766.  Spheroidal  form  of  the  planet  —  The  disk  of  Jupiter, 
seen  with  magnifying  powers  as  low  as  80,  is  evidently  oval,  the 
lesser  axis  of  the  ellipse  coinciding  with  the  axis  of  rotation,  and 
being  perpendicular  to  the  general  direction  of  the  belts.  This  fact 
supplies  a  striking  confirmation  of  the  results  attained  in  the 
measurement  of  the  curvature  of  the  earth ;  and,  as  in  the  case  of 
the  earth,  the  degree  ci  oblateness  of  Jupiter  is  found  to  be  that 
which  would  be  produced  upon  a  globe  of  the  same  magnitude, 
having  a  rotation  such  as  the  planet  is  observed  to  have. 

At  the  mean  distance  from  the  earth,  the  apparent  diameters  of 
the  disk  are  ascertained  by  exact  micremetric  measures  to  be — 

MflM. 

Bqvstorial  Diameter 88-4^^:;=  92,080 

Polar  Diameter 85-6//»  85,210 

Mean  diameter. »  88,646 


The  polar  diameter  is  therefore  less  than  the  equatorial,  in  the  ratio 
of  356  to  384,  or  100  to  108  nearly.  Other  estimates  give  the  imtio 
as  100  to  106. 

2757.  Jvpiter's  mtelliUs, —Wheu  OalOeo  directed  the  first  tele- 
scope to  the  examination  of  Jupiter,  he  observed  four  minute  stare, 
which  appeared  in  the  line  of  the  equator  t>f  the  planet.  He  took 
these  at  first  to  be  fixed  stars,  but  was  soon  undeceived.  He  saw 
them  alternately  approach  to,  and  recede  from  the  planet ;  observed 
them  pass  behind  it  and  before  it,  and  osdllate,  as  it  were,  to  the 
right  and  the  left  of  it,  to  certain  limited  and  equal  distances.  He 
soon  arrived  at  the  obvious  oonelusion  that  these  objects  were  not 
fixed  stars,  but  that  they  were  bodies  whieh  revolved  round  Jupiter 
in  orbits,  at  limited  distances,  and  that  each  successive  body  in- 
cluded the  orbit  of  the  others  within  it;  in  short,  that  thev  formed 
a  miniature  of  the  solar  system,  in  which,  however,  Jupiter  him- 
self played  the  part  of  the  sun.  As  the  telescope  improved,  it 
became  apparent  that  these  bodies  were  small  globes,  related  to 
Jupiter  in  the  same  manner  exactly  as  the  moon  is  related  to  the 
earth ;  that,  in  fine,  they  were  a  system  of  four  moons,  aooompany- 
ing  Jupiter  round  the  sun. 

2758.  Rapid  change  and  great  variety  of  pha9e$,  —  But  con- 
nected with  these  appendages  there  is  perhaps  nothing  more  remark- 
able than  the  period  of  their  revolutions.  That  moon  which  is 
nearest  to  Jupiter,  completes  ite  revolution  in  forty-two  hours.  In 
that  brief  space  of  time  it  eoes  through  all  its  various  phases ;  it  is 
a  thin  crescent^  halved,  gibbous^  and  full.     It  must  be  remembered. 
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boweTer,  that  the  day  of  Japiter,  instead  of  being  twenfy^fonr  honn, 
18  leas  than  ten  hours.  This  moon^  therefore,  has  a  month  equal  to 
a  little  more  than  fonr  Jovian  days.  In  each  day  it  passes  throngh 
one  complete  quarter ;  thus,  on  &e  first  day  of  the  month  it  passes 
from  the  thinnest  crescent  to  the  half  moon ;  on  the  second,  from 
the  half  moon  to  the  full  moon ;  on  the  third,  from  the  full  moon 
to  the  last  quarter;  and  on  the  fourth  returns  to  conjunction  with 
the  sun.  So  rapid  are  these  changes  that  they  must  be  actually 
Tisihle  as  they  proceed. 

The  apparent  motion  of  this  satellite  in  the  firmament  of  Jupiter 
is  at  the  rate  of  more  than  8®  per  hour,  and  is  the  same  as  if  oar 
moon  were  to  move  over  a  space  equal  to  her  own  apparent  diameter^ 
in  rather  less  than  fonr  minutes.  Such  an  object  would  serre  the 
purpose  of  the  hand  of  a  stupendous  celestial  clock. 

The  second  satellite  completes  its  revolution  in  about  eighty-five 
terrestrial  hours,  or  about  eight  and  a  half  Jovian  days.  It  passes, 
therefore,  from  quarter  to  quarter  in  twenty-one  hours,  or  abont 
two  Jovian  days,  its  apparent  motion  in  the  firmament  being  at  the 
nte  of  about  4^*25  per  hour ;  which  is  as  if  our  moon  were  to  move 
over  a  space  equal  to  nine  times  its  own  diameter  pef  hour,  or  over 
its  own  diameter  in  less  than  seven  minutes. 

The  movements  and  changes  of  phase  of  the  other  two  moons  are ' 
not  BO  rapid.  The  third  passes  throngh  its  phases  in  abont  170 
houn,  or  seventeen  Jovian  days,  and  its  apparent  motion  is  at  the 
rate  of  abont  1^  per  hour.  The  fourth  and  last  completes  its  changes 
in  400  hours,  or  forty  Jovian  days,  and  its  apparent  motion  is  at 
the  rate  of  little  less  than  1^  per  hour,  being  doable  the  apparent 
motion  of  our  moon. 

Thus  the  inhabitants  of  Jupiter  have  four  different  months  of 
fonr,  eight,  seventeen,  and  forty  Jovian  days,  respectively. 

2759.  EUmgation  of  the  Mtellitea.  —  The  appearance  which  the 
satellites  of  Jupiter  present  when  viewed  with  a  telescope  of  mode* 
nte  power,  ia  that  of  minute  stars  ranged  in  the  direction  of  a  line 
drawn  throngh  the  centre  of  the  planet's  disk  nearly  parallel  to 
the  direction  of  the  belts,  and  therefore  coinciding  with  that  of  the 
planet's  equator.  The  distances  to  which  they  depart  on  the  one 
side  or  other  of  the  planet,  are  so  limited  that  the  whole  system  is 
incladed  within  the  field  of  any  telescope  whose  magnifying  power 
is  not  considerable ;  and  their  elongations  from  the  centre  of  the 
planet  can  therefore  be  measured  witn  great  precision  by  means  of 
the  wire  micrometers. 

When  the  apparent  diameter  of  the  planet  in  opposition  is  45^, 
the  greatest  elongations  of  the  satellites  from  the  centre  of  ih^ 
planet's  disc  are  as  follow :  — 

28* 
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L n6^^ 

U 216'^ 

III 84«J^^ 

IV 686'/ 

It  follows,  therefore^  that  the  eBtire  sjBtem  is  comprised  within  a 
visual  area  of  aboat  12W  in  extent^  being  two-thirds  of  the  appa- 
rent diameter  of  the  moon.  If,  therefore^  we  ooiioeiTe  the  moon's 
disk  to  be  oentrioallj  superpoeed  on  that  of  Jopiter,  not  onlj  would 
all  the  satellites  be  oovered  by  it,  but  that  whioh  elongates  iieelf 
most  from  the  planet  would  not  approach  nearer  to  the  moon'a  edge 
than  oncHsixth  of  its  apparent  diameter. 

If  ail  the  satellites  were  at  the  same  time  at  their  greatest  elon- 
gations, they  would,  relatiyely  to  the  apparent  diameter  of  the 
planet,  present  the  appearance  represented  ixkfy.  759. 


ng.  759. 

2760.  Di$kmee$  /rom  Ji^n^.  — The  actual  distuioss  of  the 
satellites  from  the  centre  of  the  planet  may  be  immediately  inferred, 
from  a  comparison  of  their  greatest  elonoatioDS  with  the  apparent 
semi-diameter  of  the  pUnet  Since,  in  the  case  aboTc  supposed, 
the  apparent  semi-diameter  of  the  planet  is  22"*5,  the  distances  will 
be  found  expressed  with  reference  to  the  semi-diameter  as  the  unit, 
by  dividing  the  greatent  elongations  expressed  in  seconds  by  22-5. 
This  gives  for  the  distances :  — 

^ m-«-^ 

TT  21^ 

" 2:5 -^«- 

III i!«.i5.4 

22-6  ^^** 

- -s- 

Beladvely  to  the  magnitude  of  the  planet,  therefore,  the  satellites 
revolve  much  closer  to  it  than  the  moon  4oes  to  the  earth.  The 
distance  of  the  moon  is  nearly  60  semi-diameters  of  the  earth,  while 
the  distance  of  the  most  remote  of  Jupiter's  moons  is  not  more 
than  26  semi-diameters,  and  that  of  the  nearest  only  six,  from  his 
centre. 

Owing,  however,  to  the  greater  dimensions  of  Jupiter,  the  actual 
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diBtanees  of  die  Mtelfites,  expraned  in  milesy  are  (ezeept  thii  of  Ae 
first)  greater  than  the  diBtance  of  the  mooo  from  the  earth. 

2761.  Harmonic  law  obterved  in  the  Jovian  tj^Oem.  — That  the 
same  law  of  gravitation  which  reigns  throughout  the  material  nni- 
▼erse,  prevails  in  this  sptem,  is  rendered  numifest  bj  the  aoeordance 
of  the  motions  and  distances  of  the  satellites  with  the  harmonic  law. 
In  the  following  table  numerical  relations  establishing  this  are  ex- 
hibited : — 


p» 

D 

P 

D^ 

P* 

^ 

I. 

frO 

48 

216   ' 

1840 

8-6      . 

n. 

•-6 

86 

886 

7226 

8^2 

ni. 

IW 

172 

8662 

29,684 

8^1 

IV. 

27-0 

400 

10^688 

160,000 
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The  want  of  exact  equality  in  the  numbers  in  the  last  column,  by 
vhich  the  ratio  of  the  squares  of  the  periods  to  the  cubes  of  the  dis> 
tances  are  expressed,  is  to  be  ascribed  partly  to  usin^  round  numbers 
only,  and  partly  to  the  effects  of  the  mutual  disturbances  produced 
by  the  satdUites  upon  each  other  and  by  the  spheroidal  form  of  the 
planet  itself. 

2762.  Singular  relatian  between  the  moHont  of  the  fini  three 
mtdlites,  —  On  comparing  the  periods  of  the  first  three  satellites,  it 
is  evident  that  they  are  in  the  ratio  of  the  numbers  1,  2,  and  4. 
For  we  have — 

43  :  86  :  171  : :  1  :  2  :  4. 

Since  the  mean  angular  velocities,  or,  what  is  the  same,  the  mean 
apparent  motions  as  seen  from  Jupiter,  are  found  by  dividing  360^ 
by  the  periodic  times,  it  follows  that  these  motions  for  the  three 
aatellites  are  in  the  inverse  ratio  of  1, 2,  and  4,  that  is,  as  1,  i,  and  } ; 
and,  therefore,  that  the  mean  apparent  motion  of  the  second  satellite 
18  half,  and  that  of  the  third  one-fourth  of  the  mean  apparent  motion 
of  the  first. 

It  follows,  also,  that  if  twice  the  mean  motion  of  the  third  be 
added  to  the  mean  motion  of  the  first,  the  sum  will  be  three  times 
the  mean  motion  of  the  second.  This  wiU  be  rendered  evident  by 
expressing  these  motions  by  general  symbols.  Let  m',  m'',  and  m'", 
express  the  mean  hourly  apparent  motions.     We  shall  have — 


wi  =  Jm' 


m" 


*»*'; 


and  consequently 

m'  +  2«i'"  =  m'  +  imf  =  |m'  =  3  m". 

2763.  Corresponding  relation  betioeen  their  mean  longitudes,  — 
The  longitudes  of  satellites  are  referred  to  by  their  primaries  as  visual 
centres.     Thus  the  mean  longitudes  of  Jupiter's  satellites  are  their 
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mean  angular  distanoes  from  the  first  point  of  Aries  u  Men  from 
Jupiter.  Now,  it  follows  that  the  relation  which  has  been  shown 
to  prevail  between  the  mean  motions  of  the  first  three  satellites,  also 
prevails  between  their  mean  longitudes.  Let  these  longitudes  at 
any  proposed  time  be  T,  V'y  V"  \,  and  after  a  given  interval,  daring 
which  all  the  satellites  will  have  augmented  their  longitudes,  let 
them  be  l',  'il\  l'".  The  angles  or  arcs  moved  through  in  the  in- 
terval will  be  l'  —  r,  l" — Ty  u"  —  V"  \  and  dnce  these  will  represent 
and  be  proportional  to  the  mean  apparent  motions,  we  shall  have — 

(L'_r)  +  2(L'"— nrsSCL"— r); 

from  which  is  inferred — 

8l"  -  (L'  +  2l'")  =  sr  -(r  +  2ro- 

It  appears,  therefore,  the  difierenoe  between  three  times  the  longi- 
tude of  the  second  and  the  sum  of  the  longitude  of  the  first  and 
twice  that  of  the  third  is  invariable  \  but  what  this  invariable  dif- 
ference is,  does  not  appear  from  the  mere  relation  of  the  periods.  A 
single  observation  of  the  positions  of  the  three  satellites  at  any  pro- 
posed moment,  is  sufficient  to  ascertain  this  difference ;  since  what- 
ever it  may  be  at  any  one  moment,  it  must  always  continue  to  be. 
Now,  it  may  be  thus  easily  ascertained  by  observations  made  at  any 
proposed  time,  that  this  difference  is  exactly  180^  We  shall  thus 
have,  as  a  permanent  relation  between  the  position  of  these  three 
satellites — 

8l"  — (l'  +  2l'")  =  180^; 

so  that,  whenever  the  positions  of  any  two  of  them  are  ^ven,  the 
position  of  the  other  can  be  found. 

It  follows  from  this  relation,  that  the  three  satellites  can  never 
have  at  the  same  time  the  same  phase ;  for  if  they  had,  they  must 
necessarily  have  the  same  yisual  direction,  and  consequently  the 
same  longitude,  which  would  be  incompatible  with  the  preceding  re- 
lation. If  two  of  them  have  nearly  the  same  phase,  the  third  must 
have  a  phase  differing  from  it  by  180'',  90^  or  60^,  aoooiding  to 
the  satellites  which  agree  in  their  phase. 

If  the  second  and  third  have  nearly  the  same  phase,  we  shall  have 
l"  =  l'";  and  therefore — 

8l"— L'— 2  L"  =  L"— L'  =  180O. 
The  first  will  have  a  position,  and  therefore  a  phase,  in  direct  oppo- 
sition to  the  common  phase  of  the  second  and  third.   If  one  be  new, 
the  other  will  be  full,  and  vice  versA, 

If  the  first  and  second  have  a  common  phase,  we  shall  have 
h'  s=  h" }  and  therefore — 

8  L'  — l'— 2  l'"  =  2  (l'  —  l'")  =  180«. 
L'  — l'"  =  90^ 
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The  third  wftdiiie  will  therefore  be  90^  frcnn  ihe  common  direetion 
of  the  other  two,  and  will  therefore  have  a  phase  different  from 
theirs  by  90^.  If  one  be  fnll  or  new^  the  other  will  be  in  the 
qnarterSy  and  vice  vertA, 

In  fine,  if  the  first  and  third  have  a  common  phase,  we  shall  have 
l'=l'";  and,  consequently — 

8l"  — 3l'  =  180^        l"— L'=:60^ 

The  second  will  therefore  have  a  position  60^  different  from  the 
common  direction  of  the  other  two,  and  its  phase  will  differ  in  the 
same  degree  from  their  common  phase.  If  one  be  fall|  the  other 
will  be  gibbons;  and  if  one  be  new,  the  other  will  be  a  crescent ; 
the  breadth  of  the  gibbons  phase  being  120^,  and  that  of  the 
crescent  60''. 

The  stadent  will  find  no  difficulty  in  tracing  the  effects  of  this  re* 
lation  in  all  other  phases. 

An  attempt  has  been  made  to  trace  the  remarkable  relation  be- 
tween the  periods  here  noticed  to  the  effects  of  the  mntnal  gravitation 
of  the  satellites;  and  Laplace  has  shown  that,  if  snch  a  relation 
prevailed  nearly  at  any  one  epoch,  the  mutual  gravitation  of  the 
Eatellites  would  render  it  in  process  of  time  exact  There  would 
seem,  therefore,  to  be  a  tendency  to  such  a  relation,  as  a  consequence 
of  the  general  law  of  gravitation. 

2764.  Orhiu  of  sate/^tYes.  —  The  orbito  of  the  satellites  are  el- 
lipses of  very  smiall  ellipticity,  inclined  to  the  plane  of  Jupiter's 
orbit  at  very  small  angles,  as  is  made  apparent  by  their  motions 
being  always  very  near^  coincident  with  the  plane  of  the  planet's 
equator,  which  is  inclined  to  that  of  ita  orbit  at  the  small  angle  of 
3«  y  30". 

2765.  Appairent  and  real  magn%iude$.  — The  satellites,  although 
'^uced  by  distance  to  mere  lucid  points  in  ordinary  telescopes,  not 
only  ezhiUt  p^wpUble  disks  when  observed  by  instruments  of  suf- 
ficient power,  but  admit  of  pretty  accurate  measurement  At  oppo- 
Bition,  when  the  apparent  diameter  of  the  phinet  is  45^',  all  Uie 
satellites  subtend  angles  exceeding  1",  and  the  third  and  fourth 
appear  under  angles  of  1|"  and  1|".  By  observing  these  apparent 
diameters  with  all  practicable  precision,  and  multiplying  them  by 
the  linear  value  of  F,  as  already  determined  (2741),  their  real  di- 
ameters may  be  ascertained  as  follows  :— 

HUei. 

I - l'^194  X  1984  =  2809. 

IL 1^^070  X  1984  =  2069. 

Ill V^'lAl  X  1984  =  8378. 

IV rM95  X  1984  =  2891. 

It  appears,  therefore,  that  with  the  exoeption  of  the  second, 
which  is  exactly  equal  in  magnitude  to  the  earth's  moon,  all  the 
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othen  are  on  a  much  larger  scale ;  and  one  of  them,  the  tbiidy  is 
greater  than  the  planet  Mercury,  while  the  fourth  is  very  nearly 
equal  to  it. 

2766.  Apparent  magnitudes  <u  seen  from  Jupder,  —  By  com- 
paring their  real  diameters  with  their  distances,  the  apparent  diame- 
ters of  the  several  satellites,  as  seen  from  Jupiter,  may  be  easily 
ascertained.  By  dividing  the  actual  distances  of  the  satellites  from 
Jupiter  by  206,265,  we  obtain  the  linear  value  of  1"  at  such  dis- 
tance; and  by  dividing  the  actual  diameters  of  the  satellites  re- 
spectively by  Uiis  value,  we  obtain,  in  seconds,  their  apparent  diame* 
tera  as  seen  from  Jupiter. 

In  making  this  calculation,  however,  it  is  necessary  to  take  into 
account  the  magnitude  of  the  semi-diameter  of  the  planet ;  since  it 
is  from  the  surface,  and  not  from  the  centre,  that  the  satellite  is 
viewed. 

It  follows,  from  a  calculation  made  on  these  principles,  that  the 
apparent  magnitudes  of  the  four  satellites,  seen  from  any  part  of 
the  surface  not  far  removed  from  the  equator  of  the  planet,  are,  for 
the  first  85'  80",  for  the  second  lO'  SO'^,  for  the  third  18'  16",  and 
for  the  fourth  8'  58". 

The  first  satellite,  therefore,  has  an  apparent  diameter  equal  to  that 
of  the  moon ;  the  second  and  third  are  nearly  equal  and  about  half 
that  diameter;  and  the  apparent  diameter  of  the  other  satellite  is 
about  the  fourth  part  of  that  of  the  moon. 

It  may  be  easily  imagined  what  various  and  interesting  nocturnal 
phenomena  are  witnessed  by  the  inhabitants  of  Jupiter,  when  the 
▼ariouB  magnitudes  of  these  four  moons  are  combined  with  the 

Snick  succession  of  their  phases,  and  the  rapid  apparent  motions  of 
be  first  and  second. 
By  the  relation  (2763)  between  the  mean  motions  of  the  first 
three  satellites,  they  never  can  be  at  the  same  time  on  the  same  side 
of  Jupiter;  so  that  whenever  any  one  of  them  is  absent  from  the 
firmament  of  the  planet  at  night,  one  at  least  of  the  others  must 
be  present  The  Jovian  nights  are,  therefore,  always  moonlit, 
except  during  eclipses  (which  take  place  at  every  revolution),  and 
often  enlightened  at  once  by  three  moons  of  different  apparent  mag 
nitudes  and  seen  under  different  phases. 

2767.  ParaUax  of  the  sateUiles.  —  Owing  to  the  small  propor- 
tion which  the  distances  of  the  satellites  bear  to  the  semi-diameter 
of  the  planet,  the  effects  of  their  parallax,  as  observed  finom  the  sur- 
face of  Jupiter,  are  out  of  all  analogy  with  any  phenomena  of  a 
like  kind  upon  the  earth.  The  nearest  body  in  the  universe  to  the 
earth,  the  moon,  is  at  the  distance  of  sixty  semidiameters,  and  its 
horizontal  parallax  is  consequently  less  than  1^;  while  the  most 
remote  of  Jupiter's  satellites  is  only  twenty-«even,  and  the 
only  six  semidiameters  from  his  oentre. 
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Bj  the  method  explained  in  2d27jt  the  horizontal  parallazee,  h, 
ily  h",  fi"$  of  the  four  satellites,  may  be  determined,  and  are  — 


.=^=«..      ^=^^=e..       ^-S?.8.,.. 

2768.  AjppartfiU  magnitudes  of  Jupiter  seen  from  the  saiellites. 
—  Since  the  apparent  diameter  of  the  planet,  seen  from  a  satellite, 
is  twice  its  horizontal  paxalUz  (2327),  it  follows  that  the  apparent 
diameter  of  Jnpiter  seen  from  the  first  satellite  is  19^,  from  the 
second  12"^,  and  from  the  third  7^,  and  from  the  fourth  4*25.^  The 
disk  of  Jnpiter,  therefore,  appears  to  the  first  with  a  diameter 
eighteen  times  greater,  and  a  surface  320  times  greater  than  that  of 
the  full  moon. 

2769.  Satellites  invisibie  from  a  circumpolar  region  of  the 

enet, — It  is  easy  to  demonstrate  in  general  that  an  object  cannot 
seen  from  any  part  of  the  surface  of  a  planet,  which  is  at  a  dis- 
tance from  its  pole  less  than  the  horizontal  parallax  of  the  object 
Let  NFS,///.  760,  be  a  meridian  of  the  planet,  NS  its  axis,  o  an 

object  at  a  distance,  o  o,  from  ite 

centre.     Suppose  a  line  o  P  drawn 

from  o,  touching  the  meridian  at  p, 

the  angle  p  o  o  will  be  the  horizontal 

parallax  of  o;  and  since  the  angle 

opo  =  90^,  the  angles  poo  and 

POO  taken  together  are  90^.    But 

ng.  760.  since  the  angle  N  G  0  is  also  90^,  it 

follows  that  the  angle  nop,  and, 

therefore,  the  arc  N  P  which  it  measures,  is  equal  to  the  horizontal 

parallax  POO. 

Now  it  is  evident,  that  o  is  not  visible  from  any  part  of  the  meri- 
dian between  p  and  n.  If,  therefore,  a  parallel  of  latitude  be  sup* 
posed  to  be  described  round  the  pole  at  a  distance  from  it  equal  to 
the  horizontal  parallax  of  any  object,  such  object  cannot  be  seen 
from  any  part  of  the  cironmpolar  region  included  within  such  parallel. 
It  follows  from  this,  from  the  values  of  the  horizontal  parallaxes 
of  the  satellites  found  above  (2732),  and  in  fine  from  the  fact  that  the 
satellites  move  nearly  in  the  plane  of  the  planet's  equator,  that  the 
first  satellite  is  invisible  at  all  parts  within  a  parallel  described  round 
the  pole  at  a  distance  of  9-5'',  the  second  at  6"",  the  third  at  S-e"", 
and  the  fourth  at  2-1^. 

2770.  Rotation  on  their  axes.  —  One  of  the  peculiarities  in  the 
motion  of  our  moon  which  distinguishes  it  in  a  remarkable  manner 
from  the  planetS)  is  its  revolution  upon  its  axis.  It  will  be  remem- 
bered,  that  the  planets  generally  rotate  on  their  axes  in  times  some- 
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what  analogous  to  that  of  the  earth.  Now,  on  the  eontraiy,  the 
moon  revolves  on  its  axis  in  the  same  time  that  it  takes  to  re- 
volve r6nnd  the  earth;  in  consequence  of  which  adjustment  of 
its  motions,  it  tarns  the  same  hemisphere  continually  towards  the 
earth. 

Some  ohservations  of  Sit  William  Herschel  have  rendered  it  pro- 
bable, that  the  Jovian  moons  also  revolve  on  their  axes  onoe,  in  the 
time  of  their  respective  revolutions  round  the  planet  These  obser- 
vations cannot  be  repeated  without  the  aid  of  telescopes  as  powerful 
as  those  of  the  elder  Herschel,  and  it  may  be  expected  that  those 
of  Lord  Eoese  and  others  may  supply  further  evidence  on  this 
question. 

2771.  JMau  of  Jvpit^.  —  The  ralao  of  the  mass  of  Jupiter  to 
that  of  the  sun,  can  be  deduced  from  the  motion  of  any  of  the 
satellites,  by  the  method  explained  in  (2635). 

If  r  and  p  express  the  distance  and  period  of  the  planet,  t^  and 
p^  those  of  the  satellite,  and  M  and  uf  the  messes  of  the  sun  and 
planet,  we  shall  have — 

By  substituting  in  this  formula  the  distances  and  periods  for  each 

M 

of  the  four  satellites,  we  shall  find  the  following  values  of  --; : 

I. -,=  1130.    II.5L  =  ll23.    IJL?i=1121.    IV. -,  =  1095. 

b1  m.  M  B& 

The  small  discrepancy  between  these  values  is  due  chiefly  to  the 
causes,  already  explained,  for  the  departare  of  the  harmonic  law 
from  absolute  precision. 

The  following  are  the  estimates  of  the  mass  of  the  planet  ob- 
tained by  processes  susceptible  of  greater  precision : — 

Laplace 1070. 

Nicolai 1054. 

Airy 1048-69. 

Bantini ....; 1060. 

Bwel 1046. 

The  last  three  oomputetions  were  oonducted  on  principles  such  as 
to  secure  the  greatest  attainable  precision,  and  these  estimates  are 
confirmed  by  observations  on  the  perturbations  produced  by  Jupiter 
on  the  smsller  planeto. 

Since  the  mass  of  the  sun  is  about  855,000  times  that  of  the 
earth,  while  it  is  only  1050  times  that  of  Jupter,  it  follows,  that 
the  mass  of  Jupiter  exceeds  that  of  the  earth  in  the  ratio  of  8550 
to  10-50,  or  388  to  1. 

The  comparatively  great  mass  of  Jupiter  explains  the  very  short 
iwriods  of  his  satellites  compared  with  that  of  the  moon. 
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At  greater  distances  from  Jupiter  than  that  of  the  moon  from  tbe 
earth,  thej  nevertheless  revolve  in  periods  mnch  shorter  than  that 
of  the  mooDy  and  are  affected  by  centrifagal  forces,  which  exceed 
that  of  the  moon  in  a  ratio  which  may  be  determined  bj  the  pe- 
riods and  diatanceSy  and  which  must  be  resisted  bj  the  attraction  of 
a  central  mass  proportionally  greater  than  that  of  the  earth.  It 
would  be  easy  to  show  that,  if  the  earth  were  attended  by  a  simiUr 
system  of  moons,  at  like  distances  from  its  centre,  their  periods 
would  be  about  eighteen  times  greater  than  those  of  Jupiter's 
BiteUites. 

2772.  Their  muiudl  perturbations,  —  The  mutual  attraction  of 
the  masses  of  the  satellites,  and  the  inequality  of  the  attraction  of 
the  sun  upon  them,  produce  an  extremely  complicated  system  of 
disturbing  actions  on  their  motions,  which  has  nevertheless  been 
brought  with  great  success  under  the  dominion  of  analysis  by 
Laplace  and  Lagrange.  This  is  especially  the  case  vdth  the  three 
inner  satellites,  whose  motions,  but  for  this  cause,  would  be  sensibly 
uoiform.  The  effect  of  these  disturbing  forces  is  nevertheless  miti- 
gated and  limited  by  the  very  small  eccentricities  and  inclinations 
of  the  orbits  of  the  satellites. 

2773.  Density,  —  The  volume  of  Jupiter  being  greater  than  that 
of  the  earth  in  the  ratio  of  1400  to  1,  while  its  mass  is  greater  in 
the  inferior  ratio  of  838  to  1  nearly,  it  follows,  that  the  density  of 
the  matter  composing  the  planet  is  less  than  the  mean  density  of 
the  earth  in  the  ratio  of  the  above  numbers.     We  have,  therefore — 


d 


388 
1400 


=  0-2416. 


Its  mean  density  is,  therefore,  less  than  one-fourth  of  that  of  the 
earth;  and  since  the  mean  density  of  the  earth  is  5*67  times  that 
of  water,  the  density  of  Jupiter  is  1*37  times  that  of  water. 

2774.  Masses  and  densities  of  the  satellites,  —  The  masses  of 
the  satellites  are  determined  by  their  mutual  disturbances,  by  means 
of  the  general  principle  explained  in  (2637),  and  the  densities  are 
deduced  as  usual  from  a  comparison  of  these  masses  with  their 
volumes.  In  the  following  table  are  given  the  masses  as  compared 
^ith  the  primary  and  with  the  earth,  and  their  densities  as  compared 
with  the  earth  and  with  water. 


Maa^  that  of  Jopf  Mr 

Ml. 

M«^tlwtof  Iwtii 

Dvnaltr.ibatotbnlt 

1 
DtBrity.tliat  of  Water 

I. 
in. 

IV. 

0HK)00173 
00000232 
0-00U0885 
OD000427 

0K)0576 
0-00773 
0-02947 
0-01422 

0-O2016 
0-03015 
0-06984 
0-03825 

0-U43 
0-1710 
0-3970 
0-2225 

1 

m. 
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Thus  it  appears  that  the  density  of  the  matter  compodng  these 
satellites  is  much  smaller  than  those  of  any  other  bodies  of  the 
system,  whose  densities  are  known. 

It  follows,  therefore,  that  the  first  satellite  must  be  composed  of 
matter  which  is  twice  as  light  as  cork,  the  density  of  which  is  0*240 ; 
and  that  of  the  third,  which  consists  of  the  heaviest  matter^  is  not 
more  dense  than  the  lightest  sort  of  wood,  snch,  for  ezample,  as  the 
common  poplar,  whose  density  is  0*383  (787). 

It  is  remarkable  that  this  extremely  small  degree  jof  density  is 
not  found  in  the  earth's  satellite,  the  density  of  which,  though  less 
than  that  of  the  earth,  is  still  more  than  twice  the  density  of  water. 

The  planets  Mercury  and  Mars,  which  are  so  nearly  of  the  same 
magnitudes  as  the  third  and  fourth  satellites,  show,  in  a  striking 
manner,  the  difference  of  the  matter  composing  them  by  the  great 
difference  of  their  densities.  The  mean  specific  weight  of  the  mate- 
rials composing  these  planets  is  nearly  the  same  as  that  of  those 
which  compose  the  earth,  while  the  materials  of  the  third  satellite 
are  thirteen  times,  and  that  of  the  fourth  twenty-five  times  lighter. 

2775.  Superficial  gravity  on  Jupiter,  —  The  gravity  by  which 
bodies  placed  on  the  surface  of  this  planet  are  affected,  omitting  the 
consideration  of  the  modifying  effects  of  its  spheroidal  form  and  its 
rotation,  may  be  computed  by  means  of  its  mass,  and  its  mean  aemi- 
diameter  by  the  method  already  explained. 

Let  m'  =  Jupiter's  mass,  that  of  the  earth  being  =  1 ; 

/  =  Jupiter's  mean  semi-diameter,  that  of  the  earth  being 

^  =  superficial  gravity,  that  of  the  earth  being  =  1 ; 
we  shall  then  have  (2647),  (2771)  — 


2776.  Centrifugal  farce  at  Jvpiter's  equator.  —  In  the  case  of 
Jupiter,  owing  to  the  great  degree  of  its  oblateness  and  it«  rapid 
rotation,  this  force  of  superficial  gravitation  is  subject  to  much 
greater  variation  than  on  the  earth.  To  determine  this  variation,  it 
will  be  necessary  to  compute  the  centrifuffiil  force  by  which  bodies 
placed  on  the  equator  of  the  planet  are  affected.  * 

Let  G  =  centrifugal  force  related  to  the  terrestrial  gravity  as 
the  unit, 
g  =  1608  feet, 

V  =  the  velocity  of  Jupiter's  equator  in  feet  per  second  due 
to  his  rotation, 
we  shall  then  have  (313)— 
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The  Talae  of  y  dcdaoed  from  the  equatorial  diameter  of  the 
planet  (2756)  and  the  time  of  rotation  (2747)  is  42760 ;  and  it 
follows,  therefore,  that  c  =  0-234.  Deducting  this  from  the  super- 
ficial gravity  undiminished  by  rotation,  already  computed  (2775), 
we  shall  find  the  effective  equatorial  superficial  gravity 
2616  —  0-234  =  2-382. 
2777.  VaricUton  of  mperficiaJ  gravity/  from  equator  to  poU,  — 
The  well-known  theorem  of  Clairault,  already  Quoted  (2384),  by 
which  the  oblateness,  the  variation  of  superficial  gravity,  and  the 
oeotrifagal  £»ioey  are  connected,  supplies  the  means  of  determining 
this. 

Let  e  and  10,  as  in  2384,  express  respectively  the  fraction  of  its 
whole  length  by  which  the  equatorial  exceeds  the  polar  diameter, 
and  the  fraction  of  its  whole  weight  by  which  the  weight  of  a  body 
and  the  pole  exceeds  the  weight  of  the  same  body  at  the  equator, 
and  in  fine^  let  c  express  the  equatorial  centrifugal  force  as  a  fraction 
of  the  effective  equatorial  superficial  gravity.  By  the  theorem  of 
Clairault,  these  three  quantities  are  related  in  the  manner  expressed 
in  the  following  formula : — 

e  +  v  =  2-5  c. 
But,  from  what  has  been  already  explained,  c  =  0-08, 
O_0;234_ 
^       2-382  ' 

and  consequently  ro  =  0-16. 

From  whence  it  follows  that  the  weights  of  bodies  are  increased 
by  16  per  cent  when  transferred  from  the  pole  to  the  equator. 

A  mass  of  matter,  therefore,  which  upon  the  earth's  surface  would 
weigh  1000  pounds,  would  weiffh,  if  placed  upon  Jupiter's  equator, 
2382  pounds,  and  if  placed  at  his  pole,  would  weigh  2763  pounds. 
The  height  through  which  a  body  would  fall  in  a  second  would 
be  16-08  X  2-382  =  38-3  feet  at  its  equator,  and  44-4  at  the  pole. 
The  length  of  a  seconds  pendulum  varies  in  the  exact  ratio  of 
the  forces  of  gravity  which  produce  its  vibration  (542) ;  and  if  the 
length  of  the  seconds  pendulum  on  the  surface  of  the  earth  be 
taken  in  round  numbers  as  39  inches,  that  of  a  seconds  pendulum 
tt  Jupiter's  equator  would  be  39  x  2-382  =  92-91  inches^  and  at 
the  poles  107-77  inches. 

2778.  Dentity  must  increase  from  the  gurface  to  the  centre,  —  It 
is  easy  to  show  that  the  oblateness  of  Jupiter  is  incompatible  with 
tbe  supposition  of  his  uniform  density.  It  was  demonstrated  by 
Newton  that,  if  the  earth's  density  were  uniform,  its  oblateness 
would  be  3I1; ;  and  the  same  would  be  true  of  any  spheroid  of  uni- 
form density,  revolving  on  its  axis  in  the  same  time.  But  the  ob- 
lAteness  will  be  increased  in  the  same  ratio  as  the  square  of  the 
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time  of  rotataon  and  as  the  deonty  are  dimiDished.  If,  therefore, 
R  express  the  time  of  rotation  of  Jupiter,  that  of  the  earth  being  1, 
and  d  the  mean  density  of  Jupiter,  that  of  the  earth  being  1,  the 
oblateness  which  the  planet  would  have  if  its  density  were  uniform 
would  be — 

1  1^       1 

^  ""  230  ^  E«  ^  c^- 
But  R  =  s:^  and  d  =  0-228  ;  therefore 

^=280  X  0-228  =  ^""^' 
But  the  oblateness  deduced  from  observation  being  only  0*08,  it 
follows  that  the  density  cannot  be  uniform. 

It  is  easy  to  perceive  that,  if  the  density  augmented  from  the 
centre  to  the  surface,  the  effect  of  the  centrifugal  force  upon  the 
component  parts  of  the  mass  would  have  a  tendency  to  render  the 
oblateness  still  greater  than  it  would  be  with  the  same  mass  having 
an  uniform  density.  Since,  therefore,  the  actual  oblateness  is  in- 
compatible either  with  an  uniform  density,  or  with  a  density  de- 
creasing from  the  surface  to  the  centre,  it  follows  that  the  density 
must  increase  from  the  surface  to  the  centre. 

The  mean  density  of  the  planet  being  0*228,  it  follows,  therefore, 
that  the  mean  density  of  the  superficial  stratum  must  be  less  than 
this,  though  in  what  proportion  cannot  be  determined  by  these  data. 

If  the  mean  superficial  density  of  Jupiter  bear  the  same  proportion 
to  the  mean  density  of  its  entire  mass,  as  the  mean  superficial 
density  of  th^  earth  bears  to  the  mean  density  of  its  entire  mass,  it 
will  follow,  that  the  mean  superficial  density  of  Jupiter  will  be 
half  its  mean  density,  and  will,  consequently,  be  0*114;  and  since 
the  mean  density  of  the  earth  related  to  that  of  water  as  the  unit^ 
is  5*67,  it  would  follow  upon  this  supposition,  that  the  actual  mean 
density  of  the  superficial  stratum  of  Jupiter  would  be  0114  =  5*67 
=  0-645. 

Water,  which  discharges  so  many  important  functions  in  the  phy- 
sical economy  of  the  earth,  has  a  specific  gravity  2*8  times  less  than 
the  mean  specific  gravity  of  the  superficial  stratum  of  the  globe.  If  a 
like  fluid  on  Jupiter,  serving  like  purposes,  be  similarly  related  to  the 
mean  density  of  its  surface,  its  specific  gravity  would  therefore  be — 

which  would  be  more  than  three  times  lighter  than  sulphuric  ether, 
the  lightest  known  liquid,  and  nearly  equal  in  levity  to  cork. 

2779.  Utility  of  the  Jovian  system  as  an  illustration  of  the  solar 
system,  —  It  is  not  merely  as  a  model  on  a  small  scale  of  the  solar 
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sjstem,  80  far  as  relates  to  the  analogy  presented  bj  the  motions  of 
^e  Batellites  round  Jupiter  to  the  motion  of  the  planets  ronnd  the 
snD,  and  the  strikiug  confirmation  of  the  theory  of  gravitation  af- 
forded by  the  exhibition  of  the  play  of  Kepler's  I^ws,  that  the 
Jovian  system  is  to  be  regarded  with  interest  by  the  physical  astron- 
omer. All  the^  effects  of  the  reciprocal  gravitation  of  the  planets 
one  upon  another,  which  mathematicians  have  succeeded  in  ex- 
plainiDg  upon  the  principles  of  the  theory  of  gravitation,  all  the 
pertorlmtions  and  inequalities,  many  of  which,  in  the  case  of  the 
planets,  will  take  thousands  of  centuries  to  complete  their  periods 
and  re-commence  their  course,  all  these  are  exhibited  on  a  greatly 
reduced  scale  in  the  Jovian  system.  As  the  central  mass  is  x^uced 
in  a  thousand-fold  proportion,  and  the  distances  of  the  bodies  re- 
volving  round  it  in  a  still  greater  ratio,  the  cycles  of  the  perturbations 
and  inequalities  are  similarly  reduced.  Millions  of  years  are  reduced 
to  thousands,  centuries  to  months,  months  to  days,  days  to  hours. 
Phenomena,  the  periods  of  which  would  far  surpass,  not  the  life  of 
man  only,  but  the  whole  extent  of  time  embraced  within  human 
records  and  traditions,  are  reproduced  and  completed  in  this  minia- 
ture system,  within  such  moderate  limits  of  time  as  to  bring  them 
within  the  scope  of  actual  observation.  The  analyst  is  thus  enabled 
to  see  practically  verified,  those  conditions  of  equilibrium  and  sta- 
bility, which  it  would  take  countless  ages  to  develope  in  the  solar 
system. 

II.  Saturn. 

2780.  ScUumian  sysUm.  —  Beyond  the  orbit  of  Jupiter  a  space 
but  little  less  in  width  than  that  which  separates  that  planet  from 
the  sun  is  unoccupied.  At  its  limit  we  encounter  the  most  extra- 
ordinary object  in  the  system,  —  a  stupendous  globe,  nearly  nine 
hundred  times  greater  in  volume  than  the  earth,  surrounded  by  two, 
at  least,  and  probably  by  several  thin  fiat  rings  of  solid  matter,  out- 
side which  revolve  a  group  of  eight  moons ;  this  entire  system  moving 
with  a  common  motion  so  exaoUy  maintained,  that  no  one  part  falls 
upon,  overtakes,  or  is  overtaken  by  another,  in  their  course  around 
the  sun. 

Such  is  the  Saturnian  system,  the  central  body  of  which  was 
known  as  a  planet  to  the  ancients,  the  annular  appendages  and  satel- 
lites being  the  discovery  of  modem  times. 

2781.  Period,  —  By  the  usual  methods  the  period  of  Saturn  has 
been  ascertained  to  be  10759  22  days,  or  2948  years. 

2782.  Heliocentric  motion,  —  The  mean  heliocentric  motion  is 
therefore 

11^  =  12-28»  annually. 

=  1018°  monthly. 
=  0033»=2'daay. 
29* 
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2783.  Synodic  motion,  —  The  apparent  mean  daily  motion  of  the 
sun  heing  0*9856^,  the  mean  daily  synodic  motion^  or  its  mean  daily 
increment  of  elongation,  is 

0-9856^  —  0033^  =  0-9626° : 
and  the  synodic  period  is  therefore 

-^^=377-9  days. 

The  interral  between  the  saooeesdve  oppositioiui  of  ihe  phnet  is 
therefore  a  year  and  thirteen  days. 

2784.  liutance, — The  mean  distance  from  the  sun  may  be 
determined  by  the  harmonic  law.  We 
have 

(24-48)«=(9-64)». 

The  distance  is  therefore  9-54 ;  or  more 
exactly  9-5387861,  that  of  the  earth 
being  =  1. 

Taking  the  earth's  mean  distance  as 
95  millions  of  mile?,  that  of  Satom 
will  then  be  906  millions  of  miles. 

The  eccentricity  of  Saturn's  orbit  being 
0-056,  this  distance  is  liable  to  varia- 
tion, beinff  augmented  in  aphelion,  and 
diminished  in  perihelion,  by  a  twentieth 
of  its  whole  amount  The  greatest 
distance  of  the  planet  from  the  son  is 
therefore  950,  and  the  least  is  850^  mil- 
lions of  miles. 

2785.  Relative  icale  of  orbit  and 
diUance/rom  the  earth, —  The  relative 
proportion  of  the  orbits  of  Saturn  and 
the  earth  are  represented  in  fg,  761, 
where  eb^s"  is  the  earth's  orbit,  and 
8  8^  Saturn's  distance  from  the  son. 
The  four  positions  of  the  earth  indi- 
cated are, 

s    when  the  planet  is  in  opposiUon. 
"m!"  when  the  planet  is  in  conjunction, 
if   in  quadrature  west  of  the  sun. 
l!'  in  quadrature  east  of  the  sun. 

2786.  Annual pardUax  of  Saturn, 
—  Since  s  s'  is  9  54  times  s  b',  we 
shall  have  for  the  angle  s'  s  b', 

,   .      57-30       ^^ 


Fig.  761. 
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The  semi-dianieter  of  the  earth's  orbit  therefore  sabtencb  at 
Saturn  ao  angle  of  only  6°.  The  apparent  diameter  of  a  globe, 
which  would  fill  the  entire  orbit  of  the  earth  seen  from  Satom, 
would,  therefore;  be  no  more  than  12^,  or  twenty-four  times  the 
apparent  diameter  of  the  sun  as  seen  from  the  earth. 

2787.  Great  scale  of  the  orbital  motion,  —  The  distance  of 
Saturn  from  the  sun  is  therefore  so  enormous,  that  if  the  whole 
earth's  orbit,  measuring  nearly  200  millions  of  miles  in  diameter, 
were  filled  with  a  sun,  that  sun  seen  from  Saturn  would  be  only 
about  twenty-four  times  greater  in  its  apparent  diameter  than  is  the 
actual  sun  seen  from  the  earth.  A  cannon-ball  moving  at  500 
miles  an  hour  would  take  91,000  years,  and  a  railway  train  moving 
50  miles  an  hour  would  take  910,000  years  to  move  from  Saturn 
to  the  sun.  Light,  which  moves  at  the  rate  of  nearly  200,000 
miles  per  second,  tdces  5  days,  18  hours,  and  2  minutes  to  move 
over  the  same  distance.  Yet  to  this  distance  solar  gravitation 
transmits  its  mandates,  and  is  obeyed  with  the  utmost  promptitude 
and  the  most  unerring  precision. 

Taking  the  diameter  of  Saturn's  orbit  at  1800  millions  of  miles, 
Its  circumference  is  5650  millions  of  miles,  over  which  it  moves  in 
10,759  days.  Its  daily  motion  is  therefore  525,140  miles,  and  its 
hourly  21,880  miles. 

2788.  Division  of  synodic  period.  —  Since  the  angle  k'  s'  8  = 
6®,  the  angle  e  s  b'  =  84**  and  e'  8  b"'  =  96**.  Since  the  synodic 
period  is  <878  days,  the  intervals  between 

84 
opposition  and  quadrature    =  ^^^r  X  878  =  88-2. 

96 
conjunction  and  quadrature  =  ^^  X  378  =  100*8. 

OOv 

It  appears,  therefore,  that  in  88  days  after  its  opposition  the 
planet  is  in  its  eastern  quadrature,  and  passes  the  meridian  about  6 
in  the  afternoon.  After  a  further  interval  of  101  days  it  arrives  at 
conjunction ;  after  which  it  acquires  western  elongation,  passing  tho 
meridian  in  the  forenoon;  and  at  101  days  from  conjunction  it 
attains  ite  western  quadrature,  passing  the  meridian  at  about  6  A.M. 
After  another  interval  of  88  days  it  returns  to  opposition. 

2789.  No  phases.  —  It  is  evident  from  what  has  been  explained 
in  relation  to  Jupiter  (2738),  that  neither  Saturn  nor  any  more 
distant  planet  can  have  sensible  phases. 

2790.  Variation  of  the  planers  distance  frani  the  earth.  —  The 
distances  of  Saturn  from  the  earth  arc  therefore 

s'e    =  906  —  95  =  811     millions  of  miles  in  opposition. 
^Mf"  =^  906  +  95  =  1001  millions  of  miles  in  conjunotioa 
n'lif  =  =  900  6  millions  of  miles  in  quiulrature. 
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These  distances  are  subject  to  some  variation^  owing  to  the  eccen- 
tricities of  the  orbits  of  Saturn  and  the  earth.  The  amount  of  this 
variation,  arising  from  the  eccentricity  of  Saturn's  orbit,  is,  as  has 
been  shown,  100  millions  of  miles.  The  variation  due  to  the  earth's 
orbit  is  comparatively  small,  being  under  two  millions  of  miles. 

2791.  Stations  and  retrogression. — From  a  comparison  of  the 
orbital  motion  and  varying  distance  between  the  earth  and  Saturn, 
it  appears  that  the  stations  of  the  planet  take  place  at  about  65  days 
before  and  after  opposition.  Since  the  earth  gains  upon  the  pknet 
at  the  mean  rate  of  0*9526^  per  day,  the  angle  at  the  sun  oor- 
responding  to  65  days  will  be 

0-9526**  X  65  =  61-92<>; 

which  corresponds  to  an  elongation  of  113^.    The  planet  is  therefore 
stationary  at  elongation  67^  east  and  west  of  opposition. 
Its  arc  of  retrogression  varies  from  6°  41'  to  6^  55'. 

2792.  Apparent  and  real  diameter,  —  This  planet  appears  as  a 
star  of  the  first  magnitude,  with  a  faint  reddish  light.  Its  apparent 
brightness,  compared  with  that  of  Mars,  is  greater  than  that  which 
is  due  to  their  apparent  magnitudes  and  distances,  a  cireumstanoe 
which  is  explained,  as  in  the  case  of  Jupiter,  by  the  more  feebly 
reflective  power  of  the  surface  of  Mars. 

The  disk  is  visibly  oval,  and  traversed  like  that  of  Jupiter  by 
streaks  of  light  and  shade  parallel  to  its  greater  axis;  but  these  belts 
are  much  more  faint  and  less  pronounced  than  those  of  Jupiter. 
One  principal  gray  belt,  which  lies  along  the  greater  axis  of  the 
disk,  is  almost  unchangeable. 

Sir  William  Herscbel  imagined  that  the  disk  had  the  form  of  an 
oblong  rectangle,  rounded  at  the  comers,  the  length  being  in  the 
direction  of  the  belts.  More  recent  observations  and  micrometrical 
measurements  made  at  Kouigsberg,  by  Professor  Bessel,  and  at 
Greenwich,  by  Mr.  Main,  have  shown,  however,  the  true  form  to  be 
an  ellipse.  According  to  these  measures  the  apparent  magnitude 
of  the  greater  axis  of  the  disk  is  17-053",  and  that  of  the  lesser 
axis  15-394".  The  observations  of  Professor  Struve,  made  with  the 
Dorpat  instruments,  give  17-991  for  the  greater  axis;  the  difieronce 
of  the  two  estimates  0*938  being  less  than  a  second. 

At  the  mean  distance  of  Saturn  the  linear  value  of  a  second  is 

906000000  _  4300.5 

The  actual  magnitude  of  the  greater  axis  would  therefore  be 
4392-5  X  17053  =  74900  Bessel. 
4392-5  X  17-991  =  79160  Struve. 

The  oblateness  expressed  as  a  fraction  of  the  greater  axis  is  0*097, 

or  a  little  less  than  a  tenth. 
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The  lesser  axis  of  the  planet  therefore^  according  to  Strave,  mear 
sures  71,100  miles,  and  the  mean  diameter  75,000  miles. 

2793.  Surface  and  volume,  —  Taking  the  mean  diameter  of  the 
planet  as  9*46,  that  of  the  earth  being  1,  the  surface  will  be  9*46'= 
89-5,  and  the  volame  9*46'  =  847  times  greater  than  those  of  tho 
earth. 

The  relative  volumes  of  Saturn  and  the  earth  are  represented  in 
f^^  762. 


Pig.  res. 

2794.  Diurnal  rotation,  —  From  observation  on  the  apparent 
motion  of  the  spots  on  the  disk  of  the  planet,  it  has  been  ascertained 
to  have  a  motion  of  rotation  upon  the  shorter  axis  of  the  ellipse 
formed  by  its  disk  in  10^  29"*  Vi*;  A  terrestrial  day  is  therefore 
equal  to  2-8  Satumian  dajrs. 

2795.  Inclination  of  the  axis  to  the  orbit,  —  The  general  direo- 
tion  of  the  motion  of  rotation  has  been  ascertained  to  be  such,  that 
the  inclination  of  the  equator  of  the  planet  to  the  plane  of  the  orbit 
is  26"^  48'  40'',  and  its  inclination  to  the  plane  of  the  ecliptic  is  28"^ 
lO'  47-7". 

The  axis,  like  that  of  the  earth,  and  those  of  the  other  planets, 
whose  rotation  has  been  ascertained,  is  carried  parallel  to  itself  in 
the  orbital  motion  of  the  planet. 

The  consequenoe  of  this  arrangement  is  that  the  year  of  Saturn 
is  varied  by  the  same  succession  of  seasons  subject  to  the  same  range 
of  temperature  as  those  which  prevail  on  our  globe. 

2796.  Satumian  day$  and  nights.  Year,  —  The  alternation 
of  light  and  darkness  is  therefore  nearly  the  same  as  upon  Jupiter. 
This  rapid  return  of  day,  after  an  interval  of  five  hours  night,  seems 
to  assume  tho  character  of  a  law  among  the  major  planets,  as  the 
interval  of  twelve  hours  certainly  does  among  the  minor  planets. 

The  year  of  Saturn  is  equal  in  duration  to  10^759  terrestrial 
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days,  or  to  258,192  honrs.  Bat  since  a  terrestrial  day  is  equal  to 
2*3  Saturaian  days,  the  nnmber  of  Saturaian  days  id  the  Satamian 
year  must  be  247,457. 

2797.  BelU  and  atmosphere.  —  Streaks  of  light  and  shade, 
parallel  in  their  general  direction  to  the  planet's  equator,  have  been 
observed  on  Saturn,  similar,  in  all  respects,  to  the  belts  of  Jupiter, 
and  affording  like  evidence  of  an  atmosphere  surrounding  the  planet, 
attended  with  the  like  system  of  currents  analogous  to  the  trad^. 
Such  an  inference  involves,  as  in  the  former  case,  the  admission  of 
liquid  producing  vapour  to  form  clouds  and  other  meteorolo^cal 
phenomena. 

2798.  Solar  light  and  heat.  —  The  apparent  diameter  of  the  sun 
as  seen  from  Saturn  is  9-54  times  less  than  as  seen  from  the  earth; 
and  since  its  mean  apparent  diameter,  as  seen  from  the  earth,  is 
1923",  its  apparent  diameter,  as  seen  from  Saturn,  must  be 

4riT-  =  20r-57  =  3'21"-57. 
9-54 

The  comparative  apparent  ma^itudes  are  represented  in  ^.  763, 
where  E  represents  the  disk  of  me  sun  as  seen  from  the  earth,  and 
B  as  seen  from  Satum. 


FIg.76S. 

The  intensity  of  solar  light  is  less  in  the  ratio  of  1  to  9-54*  =  91 ; 
and  its  optical  and  calorific  influences  with  this  reduced  intensity 
are  subject  to  the  observations  already  made  in  the  case  of  Jupiter 
(2744). 

2799.  RtngR.  —  The  invention  of  the  telescope  having  invested 
astronomers  with  the  power  of  approaching,  for  optical  purposes, 
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bundreds  of  times  closer  to  the  objects  of  their  observation^  one  of 
the  earliest  results  of  the  exercise  of  this  improved  sense  was  the 
discovery  that  the  disk  of  Saturn  differed  in  a  remarkable  manner 
firom  those  of  the  other  planets  in  not  being  circular.  It  seemed  at 
first  to  be  a  flattened  oblong  oval,  approaching  to  the  form  of  an 
elongated  rectangle,  rounded  off  at  the  corners.  As  the  optical 
powers  of  the  telescope  were  improved,  it  assumed  the  appearance 
of  a  great  central  disk,  with  two  smaller  disks,  one  at  each  side  of 
it  These  lateral  disks,  in  fine,  took  the  appearance  of  handles  or 
ears,  like  the  handles  of  a  vase  or  jar,  and  they  were  accordingly 
called  the  ansse  of  the  disk,  a  name  which  they  still  retain.  At 
length,  in  1659,  Huygens  explained  the  true  cause  of  this  pheno- 
menon, and  showed  that  the  planet  is  surrounded  by  a  ring  of  opaque 
solid  matter,  in  the  centre  of  which  it  is  suspended,  and  that  what 
appear  as  ansas  are  those  parts  of  the  ring  which  lie  beyond  the  disk 
of  the  planet  at  either  side,  which  by  projection  are  reduced  to  the 
form  of  the  parts  of  an  ellipse  near  the  extremities  of  its  greater 
azia,  and  that  the  open  parts  of  the  ansss  are  produced  by  the  dark 
sky  visible  through  the  space  between  the  ring  and  the  planet. 

The  improved  telescopes  and  greatly  multiplied  number,  and  in* 
creased  zeal  and  activity  of  observers,  have  supplied  much  more 
definite  information  as  to  the  form,  dimensions,  structure,  and  posi- 
tion of  this  most  extraordinary  and  unexampled  appendage. 

It  has  been  ascertained,  that  it  consists  of  an  annular  plate  of 
matter,  the  thickness  of  which  is  very  inconsiderable  compared  with 
the  superficies.  It  is  nearly,  but  not  precisely  concentric  with  the 
planet  and  in  the  plane  of  its  equator.  This  is  proved  by  the  coin- 
cidence of  the  plane  of  the  ring  with  the  general  direction  of  the 
belts,  and  with  that  of  the  apparent  motion  of  the  spots  by  which 
the  diurnal  rotation  of  the  phmet  has  been  ascertained. 

When  telescopes  of  adequate  power  are  directed  to  the  ring  pre- 
sented under  a  favourable  aspect,  dark  streaks  are  seen  upon  its  sur- 
face similar  to  the  belts  of  the  planet.  One  of  these  having  been 
observed  to  have  a  permanence  which  seemed  incompatible  with  the 
admission  of  the  same  atmospheric  cause  as  that  which  has  been  as- 
signed to  the  belts,  it  was  conjectured  that  it  arose  from  a  real  sepa- 
ration or  division  of  the  ring  into  two  concentric  rings  placed  one 
within  the  other.  This  conjecture  was  converted  into  certainty  by 
the  discovery,  that  the  same  dark  streak  is  seen  in  the  same  position 
on  both  sides  of  the  ring.  It  has  even  been  affirmed  by  some  ob- 
servers that  stars  have  been  seen  in  the  space  between  the  rings; 
but  this  requires  confirmation.  It  is,  however,  considered  as  proved, 
that  the  system  consists  of  two  concentric  rings  of  unequal  breadth, 
one  placed  outside  the  other  without  any  mutual  contact. 

The  pUne  of  the  rings,  being  always  at  right  angles  to  the  axia 
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of  the  planet,  is,  like  the  axis,  carried  by  the  orbital  motion  of  the 
planet  parallel  to  itself,  so  that  daring  the  year  of  Satam,  it  under- 
goes changes  of  position  in  relation  to  the  radins  vector  of  the 
planet,  or  to  a  line  drawn  from  the  sun  analogous  to  those  which 
the  earth's  equator  undergoes.  Since  the  plane  of  the  rings  ooin- 
ddes  with  that  of  the  Satumian  equator,  therefore,  it  will  be  di- 
rected to  the  sun  at  the  epochs  of  the  Saturnian  equinoxes ;  and, 
in  eeneral,  the  angle  which  the  radius  yector  from  the  sun  makes 
wim  the  plane  of  the  ring,  will  be  the  sun's  declination  as  seen 
from  Saturn.  This  angle,  therefore,  at  the  Satnmian  solstices  will 
be  equal  to  the  obliquity  of  Saturn's  equator  to  his  orbit,  that  is,  to 
26''  48'  40"  (2795),  and  at  the  Satumian  equinoxes  will  be  0°. 

2800.  Position  of  nodes  of  ring  and  inclination  to  ediptic.  — 
The  investigation  of  the  position  of  the  plane  of  the  ring  in  space 
was  undertaken  and  conducted  with  great  ability  and  success  by 
Prof.  Bessel,  by  means  of  an  elaborate  comparison  of  all  the  re- 
corded observations  on  the  phases  of  the  ring  from  1701  to  1832. 
The  result  proved  that  the  line  of  intersection  of  the  plane  of  the 
ring,  and,  therefore,  that  of  the  equator  of  the  planet,  with  the 
plane  of  the  ecliptic,  is  parallel  to  that  diameter  of  the  celestial 
sphere,  which  connects  the  two  opposite  points  whose  longitudes  are 
166''  53'  8-9"  and  846''  53'  8*9",  the  former  being  the  longitude  of 
the  point  at  which  the  rings  pass  from  the  south  to  the  north  of  the 
ecliptic,  and  which  is,  therefore,  the  ascending  node  of  the  rings. 
It  also  resulted  from  ^is  investigation  that  the  angle  formed  by  &c 
plane  of  the  rings,  and,  therefore,  of  the  Satumian  equator  with 
the  plane  of  the  ecliptic,  is  28''  lO'  44-7". 

These  lonffitudes  and  obliquity  were  those  which  corresponded  to 
the  1st  of  January,  1800.  It  was  shown  that  the  nodes  of  the 
ring  have  a  retrograde  motion  on  the  ecliptic  at  the  mean  rate  of 
46-462"  per  annum. 

It  resulted  from  the  observations  of  Professor  Strove,  made  with 
the  great  Dorpat  refractor,  that  the  obliquity  of  the  plane  of  the 
ring  to  that  of  the  ecliptic  is  28"  5'  54",  subject  to  a  possible  error 
of6'24".  ;       ^  r— 

The  observations  and  measurements  of  these  two  eminent  astro- 
nomers are,  therefore,  in  as  perfect  accordance  as  the  degree  of  per- 
fection to  which  the  instraments  of  observation  have  been  brought 
admits. 

2801.  Obliquity  of  ring  to  the  planet's  orbit  —  The  position  of 
the  plane  of  the  ring  in  relation  to  the  ecliptic  being  thus  detcr^ 
mined,  its  position  in  reUtion  to  that  of  Saturn's  orbit  can  be  ascer- 
tained ;  and  this  is  the  more  necessary  to  be  done,  inasmuch  as  con- 
siderable discrepancy  prevails  between  the  statements  of  different 
authorities  respecting  this  element* 
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Let  iLyfig^  764,  be  the  asoending  node  of  Satnra^s  orbit,  and  a' 
the  afloending  node  of  the  ring,  a  a'  being  consequently  an  arc  of 
the  eoliptio.  Let  r/  be  the  direction  of  the  plane  of  the  ring,  n' 
its  inteneotion  with  the  orbit  of  the  planet,  of  which,  therefore,  a  n 
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IB  an  arc,  and  n  the  point  where  the  plane  of  the  rins  intersects  that 
of  the  orbit  It  has  been  found  that  the  longitude  of  a  is  111^ 
56' 37-4'';  and  since  that  of  a'  is  lee^'SS'Sr,  we  have  aa's 
54''  56"  31-5".  The  ansle  n  A  a',  which  is  the  obliquity  of  Saturn's 
orlMt,  being  2"^  29'  35*7^,  and  the  angle  n  a'  x,  the  obliquity  of  the 
ring  to  .the  orbit  being  28"^  1(/ 44-7",  it  follows,  by  formulsB  of 
spherical  trigonometry,  that  A  n  a'  or  the  obliquity  of  the  ring  to  the 
orbit  of  the  planet,  is  26''  48'  4(/' ;  that  a  n,  or  the  distance  of  the 
intersection  of  the  plane  of  the  ring  with  the  plane  of  the  pUnet's 
orbit  from  the  ascending  node  of  the  planet,  is  58^  57'  SCT;  and,  in 
fine,  the  distance  n  A  of  the  same  point  from  the  ascending  node  of 
the  ring  is  4^  32'  80". 

2802.  Condtlums  which  determine  the  phases  of  (he  ring,  — 
The  relation  between  the  phases  of  the  ring  and  the  position  of  the 
planet  is  easily  ascertained.  Let  a  be  the  semi-diameter  of  the 
rings  as  seen  undiminished  by  projection  ;  let  6  be  the  lesser  semi- 
axis  of  the  ellipse  produced  by  the  projection  of  the  ring;  and  let  D 
be  the  angle  which  the  visual  ray  makes  with  the  plane  of  the  ring. 
We  shall  then  have,  by  the  common  principles  of  projection, 

&  =r  a  X  sin.  D. 
Bat  since  the  visual  ray  is  the  line  drawn  from  the  planet  to  the 
earth,  it  is  evident  that  the  angle  D  will  be  the  declination  of  the 
earth  as  seen  from  the  planet.  Now,  if  L  express  the  arc  of  tho 
ecliptic  between  the  earth  and  the  ascending  node  of  the  ring  as  seen 
from  the  planet,  and  o  the  obliquity  of  the  plane  of  the  ring  to  the 
eoliptio,  we  shall  have,  by  the  common  principles  of  trigonometry^ 

sin.  D  =  sin.  o  xsin.  l; 
and  consequently 

— =  sin.  o  X  sin.  L. 
a 

But  since  the  distance  of  the  earth  from  the  ascending  node  aa 

ux.  30 
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seen  from  the  planet  is  eqnal  to  180^,  diminished  by  the  distmnoe 
of  Safcnm  from  the  same  point  as  seen  firom  the  earth,  l  maj  be 
taken  in  the  preceding  formula  to  express  the  latter  distanoe,  the 
sine  being  the  same. 

If  the  position  of  the  planet  with  relation  to  the  ascending  node 
of  the  ring  be  known,  the  preceding  formula  will  therefore  serve  to 
deduce  the  obliquity  from  the  phase  of  the  ring,  or  vice  vend. 

Since  o  =  28<>  IC  44-7",  we  shall  have  «n.  o  =  0-4722.  We 
shall  therefore  have 


-  =  0-4722 
a 


X  sin.  L, 


by  which  the  phases  of  the  nng  for  any  given  distance  from  its 
node  may  be  computed.  « 

In  the  following  table  the  ratio  -  of  the  semi-axis  of  the  ellipse 

.  ^  h 

formed  by  the  projection  of  the  ring,  and  the  ratio  -  of  the  lesser 

semi-axis  to  the  semi-diameter  of  the  planet,  are  given  for  every  10^ 
from  the  node. 


L 

1(K> 

20° 

30° 

4ff> 

60O 

60© 

TOO 

W> 

9(fi 

a 

b 

r 

(H)82 
0-183 

0-161 
0-360 

0-236 
0-626 

0-303 
0-676 

0-362 
0-806 

0-400 
0-011 

0-444 
0i)89 

0^466 
1-04 

0-471 
X-06 

From  this  table  it  appears  that  the  lesser  semi-axis  increases  as 
the  planet  moves  from  the  ascending  node  of  the  ring  until  it  is  90^ 
from  that  point,  at  which  its  ratio  to  the  major  semi-axis  is  that  of 
472  to  1000,  being  a  little  less  than  half  the  major  semi-axis.  From 
the  numbers  given  in  the  third  line  of  the  table  it  appears  that  the 
lesser  semi-axis  becomes  equal  to  the  equatorial  semidiameter  of  the 
planet  at  about  71°  from  the  ascending  node  of  the  ring,  and  exceeds 
It  by  a  twentieth  of  its  length  at  90°.  But  as  the  polar  diameter 
of  the  planet  is  less  by  a  tenth  than  the  equatorial,  it  follows,  that 
at  90°  from  the  node  of  the  ring  the  lesser  semi-axis  exceeds  the 
polar  semi-diameter  of  the  planet  by  an  eighteenth  of  its  length  :-  it 
follows,  therefore,  that  a  corresponding  breadth  of  the  ring  will,  in 
this  case,  be  visible  above  the  disk  of  the  planet. 

Since  the  entire  breadth  of  the  rings  is  three-fourths  of  the  semi- 
diameter  of  the  planet,  and  since  they  are  reduced  one-half  by  fore- 
shortening their  apparent  breadth  measured  in  the  direction  of  the 
lesser  axis  of  the  ellipse  at  90°  from  the  nodo  is  three-eighths  of  the 
semidiameter  of  the  planet,  it  follows,  therefore,  that  a  seventh  part 
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of  the  entire  braiMl  i>f  i^e  rings  is  visible  above  the  disk  of  the 
planet  at  90^  from  the  node^  the  entire  upper  segment  of  the  disk 
being  projected  upon  the  ring. 

From  90^  to  the  descending  node  of  the  ring,  the  like  phases  are 
presented  in  a  contrary  order;  and  while  tbe  planet  moves  from 
the  descending  to  the  asoending  node^  a  similar  series  of  phases  are 
presented ;  the  podtioB  of  the  plane  of  the  ring  with  relation  to  the 
poles  of  die  planet,  however,  being  reversed ;  that  which  is  in  one 
case  interposed  between  the  observer  and  the  northern  hemisphere 
of  the  planet  will  be  interposed  in  tbe  other  case  between  him  and 
the  southern  hemisphere. 

In  the  diagrams^  fig*.  765—769;  the  phases  of  the  rings  indicated 
in  tbe  preoe£ng  table  are  exhibited. 
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If  ihe  thicknees  of  the  ring  were  uniform  and  sofficientlj  great 
to  subtend  a  sensible  visual  angle  at  Saturn's  distance,  the  phase 
presented  to  the  planet  at  the  nodes  of  the  ring  would  be  such  as 
that  represented  in  fig,  765.  The  phases  at  1,  2, 4,  and  6-7  jears, 
after  passing  the  nodes,  are  roughly  sketched  in  fig%,  765 — 769. 

2803.  Apparent  and  rea2  dimeiuions  of  the  rings. — The  breadth 
of  the  rings  as  well  as  of  the  intervals  which  separate  them  from 
each  other  and  from  the  planet,  have  been  submitted  to  very  pre- 
cise micrometric  observations ;  and  the  results  obtained  by  different 
observers  do  not  differ  from  each  other  by  a  fortieth  part  of  the 
whole  quantity  measured.  In  the  following  table  are  given  the 
results  of  the  micrometric  observations  of  Professor  Struve,  reduced 
to  the  mean  distance. 


Seml-dluneter  of  the  pUnet 

Exterior  wml-dlametar  of  exterior  ring >. 

Interior  da  do. 

Breadth  of  exterior  ring 

Exterior  semi-diameter  of  interior  ring 

Interior  do.  do.  

Breadth  of  interior  ring 

Width  of  interval  between  the  rin^ 

Width  of  interval  between  planet  and  Interior  ring 
Breadth  of  the  doable  ring,  including  internal.... 


kmmnmX 

bBntf. 

M.tirit«i> 

4tow«»w 

ii£ 

Mltai. 

r 

8^-fl©6 

1-000 

88,580 

a 

2(H)47 

2-229 

88,208 

o' 

17-644 

1-961 

77,688 

a-«' 

2-408 

0-268 

10,678 

b 

17-237 

1-916 

76,8^ 

bf 

13-334 

1482 

68.660 

b-b' 

3-903 

0-434 

17,176 

a'-b 

0-407 

0K)45 

1,791 

V-T 

4*389 

0-486 

10,089 

ar-^ 

0^13 

0-747 

29,640 
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The  rolatiTe  dimensioDs  of  the  two  riDgs,  and  of  the  planet  withm 
tbeiDy  are  represented  in  Jiff.  770,  projected  upon  the  common  plane 
of  the  rings  and  the  planet's  equator.  Each  divbion  of  the  sab- 
joined  scale  represents  6;000  miiee. 


ri^rr^^  I  ill'  \  I  \  k 


20 


a^ 


30 


a5 
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The  Tisoal  angle  subtended  at  the  earth  by  the  extreme  diameter 
of  the  external  ring,  when  the  planet  is  in  opposition,  is  48"^  which 
is  about  one  thirty-seventh  part  of  the  moon's  apparent  diameter. 

2804.  Thickness  of  the  rings.  —  The  thickness  of  the  rings  is 
80  extremely  minute,  that  the  nicest  micrometrio  observations  have 
hitherto  failed  to  supply  the  data  necessary  to  determine  it  with 
any  degree  of  precision  or  certainty.  It  is  so  inconsiderable,  that 
when  the  plane  of  the  ring  is  directed  to  the  earth,  and,  conse- 
quently, the  edge  alone  is  presented  to  the  eye,  it  is  invisible  even 
with  telescopes  of  great  power,  or,  if  seen,  it  is  so  imperfectly 
defined  as  to  elude  all  micrometric  observation.  When  it  was  in 
ibis  position  in  1833,  Sir  J.  Herschel  observed  it  with  a  telescope, 
which  would  certainly  have  rendered  distinctly  visible  a  line  of  light 
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one-twentioth  of  a  second  in  breadth.  Since  the  linear  value  of  1" 
at  Saturn's  mean  distance  is  about  4400  miles,  it  would  follow  that 
the  thickness  is  less  than  220  miles^  Sir  J.  Hersohel  admitSi  how- 
ever, that  it  may  possibly  be  so  great  as  250  miles. 

The  thickness  is,  therefore,  certainly  less  than  the  100th  part  of 
the  extreme  breadth  of  the  two  rines,  and,  according  to  the  scale  on 
which  the^.  756  is  drawn,  it  would  be  represented  by  the  thick- 
ness of  a  leaf  of  the  volume  now  before  the  reader. 

2805.  lUuminaiion  of  the  ring,  —  Heliocentric  phases, — The 
illumination  of  the  rings  is  determined  by  the  phases  under  which 
they  would  be  viewed  from  the  sun.  There  the  illuminating  and 
the  visual  rays  are  identical,  and  their  direction  is  that  of  the  radius 
vector  of  the  planet.  The  angle  which  this  line  makes  with  the 
plane  of  the  Satumian  equator,  is  the  declination  of  the  sun  as  seen 
from  Saturn.  Let  this  angle  be  expressed*  by  d',  the  distance  of 
the  same  from  the  Satumian  vernal  eqninoxial  point  l',  and  the  in- 
clinauon  of  the  Satumian  equator  to  the  orbit  o'.  We  shall  then, 
as  in  the  former  case,  have 

Sin.  d'  =  sin.  o'  X  sin.  l'  ; 

and  if  1/  express  lesser  semi-axes  of  the  ellipse  to  which  the  major 
is  reduced  by  projection,  as  seen  from  the  sun^  we  shall  have 

b  .  ,  .  , 
—.  =  sin.  o'  X  sin.  l'. 
a 

By  this  formula  the  ratios  of  b'  to  a  and  r  may  be  determined  for 
all  values  of  l',  as  in  the  former  case.  In  the  following  table  these 
are  given  as  they  have  been  computed,  for  o'=  26°  48'  40". 


I/. 

lOO  . 

20© 

80O. 

•40O 

.     60°    . 

.  60O 

.70° 

80O 

W> 

a 
V 

r 

0-078 
0-176 

0-164 
0-344 

0226 
0603 

0-230 
0-640 

0-8M 
0-770 

0-300 
0-870 

0-424 
0-046 

0-444 
0-990 

0^1 

2806.  Shadow  projected  on  the  planet  by  the  rings.  —  Since  the 
lines  by  which  these  phases  are  determined  are  those  of  the  solar 
mjs,  it  is  evident  that  the  parts  of  the  rings  intercepted  by  the 
planet,  and  those  of  the  planet  intercepted  by  the  rings,  are  exactly 
those  which  reciprocally  bound  the  shadows  projected  on  them. 

The  preceding  table  of  heliocentric  phases  will  therefore  serve 
for  the  determination  of  the  limits  of  the  shadows. 

At  the  equinoxes,  the  edge  of  the  rings  being  presented  to  the 
sun,  the  shadow  projected  on  the  equator  of  the  planet  will  depend 
altogether  on  the  thickness  of  the  nngs,  and  the  apparent  diameter 
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of  the  SQD^  as  seen  from  the  planet.  The  latter  heing  only  3},  the 
solar  rays  which  touch  the  edge  of  the  thickness  may  be  considered 
as  nearly  parallel,  and  the  breadth  of  the  shadow  will  be  nearly 
equal  to  the  thickness  of  the  ring.  The  shadow  will  therefore,  in 
this  case,  be  in  a  thin  dark  line,  extending  along  the  equator  of  the 
planety  fig.  771;  coyering  a  lone  of  the  firmament  whose  Imadth 


Kg.  771. 


Pig.  771. 


most  be  about  fifteen  times  greater  than  the  apparent  diameter  of 
the  sun.  A  total  solar  eclipse  at  the  equator  of  the  planet  would, 
therefore,  be  produced  by  the  shadow  of  the  ring,  and  would  con- 
tinue until  the  sun  would  gain  or  lose  44'  declination. 

When  the  planet  presents  the  phase  represented  xnfig,  767,  its 
enlightened  hemisphere  would  be  traversed  by  the  shadow  repre- 
sented in^.  772,  and  in  like  manner  the  shadows  produced  under 
the  phases  ^s.  768,  769,  are  represented  in^s.  773,  774. 


Fig.  77$. 


Fig.  774. 


2807.  Shadow  projected  hy  the  planet  on  the  ring,  —  The 
shadow  projected  on  the  surface  of  the  ring  by  the  globe  of  the 
planet  will  yary'With  the  son's  declination,  as  seen  from  the  planet, 
heoaase  the  an^le  at  which  the  plane  of  the  ring  is  inclined  to  the 
ftxis  of  the  shiidow  of  the  planet  is  equal  to  the  declination. 

At  the  equinoxes,  the  declination  being  0^,  the  plane  of  the  ring 
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piBses  through  the  axis  of  the  shadow,  and  the  hreadth  of  the  arc 
of  the  ring  on  which  the  shadow  falls  is  nearly  equal  to  the  diame- 
ter of  the  planet,  the  angle  of  the  cone  of  the  shadow  not  exceeding 
3',  since  it  is  very  nearly  eqoal  to  the  apparent  diameter  of  the  sun 
as  seen  from  Saturn. 

If  a  express  the  are  of  the  external  edge  of  the  ring  oo  which 
the  shadow  falls^  it  is  evident  that 

Sin.}a=~, 
a 

r  expressing,  as  before,  the  equatorial  semi^diameter  of  the  planet, 
and  a  the  semi-diameter  of  the  outer  edge  of  the  ring.  The  values 
already  detorauaed  Mng  given  to  these,  we  have 


Sin.  i»  = 


22,287  ■■"**^' 


Hence  it  appears  that  a  =  53^  18'  48" ;  and  in  like  manner  it  may 


Fig.  776. 


Pig.  77«. 


Pig.  777. 
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be  shown  that  the  shadow  coyera  84^  52'  of  the  inner  edge  of  the 
inner  ring. 

The  lateral  edges  of  the  shadow  in  this  case  are  rectilinear  and 
sensibly  parallel,  a  consequence  due  to  the  angle  of  the  cone  being 
insignificant^^.  775. 

As  the  declination  of  the  sun  increases,  the  section  of  the  cone  of 
the  shadow  by  the  plane  of  the  ring  becomes  elliptical,  and  the  edges 
of  the  shadow  on  the  ring  are  cnryed,yS^.  776,  while  its  breadth  is 
more  contracted.  When  the  son  comes  to  the  Satomian  solstice, 
and  its  declination  is  26''  48'  Wj  the  vertex  of  the  elliptic  section 
of  the  cone  fidls  upon  the  onter  edge  of  the  ring,  and  the  shadow 
has  the  form  of  an  elliptic  segment  at  the  extremity  of  the  major 
axis  of  the  ellipse,/^.  777. 

2808.  The  shadows  partially  vmbh  from  the  earth.  —  It  is 
evident  that,  the  yisnal  ray  of  an  obseryer  placed  on  the  snn  coin- 
ciding with  the  Inminons  ray,  none  of  the  shadows  produced  by  the 
projection  of  the  ring  on  the  planet  or  of  the  planet  on  the  ring, 
could  be  visible  to  him,  since  the  object  producing  the  shadow  would 
be  interposed  with  geometrical  precision  between  his  eye  and  the 
shadow.  But  if  the  observer  be  transferred  to  the  earth,  the  visual 
my  will  form  an  angle  with  the  luminous  ray,  which,  though  it  can- 
not in  any  case  exceed  6^,  is  sufficient,  under  certain  circumstances 
of  relative  position,  to  remove  the  observer  from  the  direction  of  the 
luminous  ray  to  such  an  extent  as  to  disclose  to  him  a  part,  though 
a  smaU  part,  of  the  shadow  which  to  an  observer  at  the  sun  is  wholly 
intercepted. 

In  tills  manner,  when  the  planet  is  in  quadrature,  a  small  part 
of  the  shadow  it  projects  upon  the  ring  is  visible  on  the  east  or  on 
the  west  side  of  the  disk,  according  as  the  sun  is  west  or  east  of  the 
phmet;  and  in  like  manner,  the  difference  between  the  angles  which 
the  visual  and  luminous  rajrs  form  with  the  plane  of  the  ring  dis- 
closes, in  certain  cases,  a  small  breadth  of  the  shadow  projected  on 
the  planet's  disk  by  the  ring,  which  is  accordingly  seen  as  a  thin 
dark  streak  crossing  the  disk  of  the  planet  in  contact  with  the  ring. 

These  phenomena  prove  that  both  the  planet  and  the  ring  consist 
of  matter  having  no  light  of  their  own,  and  deriving  their  entire 
illumination  from  the  sun. 

2809.  CondUione  under  which  the  ring  becomes  invisible  from 
^  earth.  —  The  rings  of  Saturn  viewed  from  the  earth  may  become 
invisible,  either  because  the  ports  presented  to  the  eye  are  not  illu- 
minated by  the  sun,  or,  being  illuminated,  have  dimensions  too 
small  to  subtend  a  sensible  visual  angle. 

It  has  been  explained  that,  in  every  position  assumed  by  the 
planet  in  its  orbital  motion,  one  side  or  the  other  of  the  rings  is 
illuminated  with  more  or  less  intensity,  except  at  the  Saturnian 
equinoxes,  when,  the  phine  of  the  ring  passing  through  the  sun,  its 
edge  alone  is  illuminated.    Owinv  to  the  extreme  thinness  of  the 
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pbte  of  matter  composing  the  ringSy  they  cease  in  this  case  to  be 
visible,  except  by  feeble  and  uncertain  indications  observed  with 
high  magnifying  powers,  which  will  be  noticed  hereafter.  It  has 
been  inferred  by  Sir  John  Herschel,  from  observations  made  with 
telescopes  of  great  power,  that  the  major  limit  of  their  possible 
thickness  is  260  miles.  The  visual  angle  which  this  thickness 
would  subtend  at  the  distance  of  Saturn  in  opposition,  is  (2790) 

80P0P00  ^  ^<^«^'  -  «^«*" 
The  visual  angle  would,,  therefoce,  he  less  than  the  fifbenth  part  of 
^seoond. 

The  rings,  therefore,  disappear  from  this  cause  at  Saturn's  eqoi« 
Boxes,  which  appear  at  intervals  of  14(  years. 

When  the  dark  side  of  the  rings  is  exposed  to  the  earth,  it  is  evi«  ' 
p  ^m^  p^  dent  that  the  sun  and  earth  must  be  oo 
opposite  sides  of  the  plane  of  the  rings,  and 
therefore  that  plane  must  have  such  a  posi- 
tion that  its  direction  would  pass  between 
the  sun  and  the  earth.  This  can  only 
happen  within  a  certain  limited  distance  of 
the  planet's  equinoxes. 

Let  s,  Ji(/.  778,  represent  the  place  of 
the  sun,  b  i  the  orbit  of  the  earth,  and  p 
the  place  of  Saturn  at  the  time  of  either  i^ 
his  equinoxes.  From  what  has  been  al« 
ready  expluned,  it  appears  that  in  this 
position  the  edge  of  the  ring  is  presented 
to  8.  Since  the  ring  is  carried  parallel  to 
itself  in  the  orbital  motion  of  the  planet, 
the  edge  of  the  ring,  before  arriving  at  the 
point  pf  must  have  been  directed  succes- 
sively  to  the  points  of  the  earth's  orbit 
between  s  and  the  diameter  e  e',  and,  after 
passing  p,  must  be  directed  successively  to 
the  points  between  the  diameter  6^  and  Ef. 
If  lines  E  p  and  £'p^  be  drawn  from  s  and 
B'  parallel  to  sp,  the  edge  of  the  ring  will 
be  directed  across  some  part  of  the  earth's 
orbit,  so  long  as  the  planet  is  passing  be* 
tween  p  and  p'.  At  P  it  will  be  directed 
to  B,  and  at  p^  to  e'.  Before  arriving  at  p, 
the  edge  of  the  ring  will  be  directed  to  the 
left  of  the  earth's  orbit,  and  after  passing 
P^,  to  the  right  of  it. 

It  is  evident,  therefore,  that  before  the 
planet  arrives  at  p,  whatever  be  the  position 


Fig.  778. 
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of  tbe  earth  in  ite  orluty  the  earth,  as  well  as  the  san,  must  he  to 
the  right  of  the  direction  of  the  edge  of  the  riogs,  and  consequeiitly 
CD  their  illnminated  side ;  and  after  passing  v^,  the  earthy  as  well  as 
the  satkf  must  be  to  the  left  of  the  &Age  of  the  rings,  and  therefore 
sdll  on  the  illuminated  side.  The  rings,  therefore,  must  everywhere 
be  visible^  except  when  the  phnet  is  at  or  between  the  points 
Pandp^. 

When  the  planet  is  at  either  of  the  points  p  or  p^,  it  may  happen 
tiiat  at  the  same  moment  the  earth  is  at  the  corresponding  point  B 
or  Ef.  In  that  eontingeney  the  edge  of  the  rinff,  being  the  only 
part  exposed  to  the  ob^ver,  would  be  invisible  bieoause  of  its  mi- 
natenesB,  in  the  same  manner  aa  when  the  planet  is  at  p.  In  that 
cue  the  disappearance  of  the  planet  woold  be  of  short  duration,  be- 
cause the  orbital  motion  of  tbe  earth  would  soon  bring  it  on  the 
enliffhtened  side  of  the  ring.  Thus,  if  when  the  planet  is  at  p  the 
earth  is  at  B,  the  latter,  moving  much  faster  than  the  planet,  advances 
before  it,  and  being  then  on  the  same  side  of  the  ring  with  the  sun, 
the  illuminated  aide  is  exposed  to  the  earth,  and  therefore  visible; 
and  if  when  the  planet  is  at  p^  the  earth  is  at  s',  the  latter  moving 
towards  ^  while  the  planet  advances  to  the  right  of  i^,  the  earth  and 
planet  are  both  on  the  lefi  of  the  edge  of  the  rings,  and,  as  before, 
the  enlightened  side  of  tbe  rings  is  exposed  to  the  earth,  and  they 
are  therefore  visible. 

If,  while  the  planet  is  between  p  and  p,  the  earth,  moving  from 
^  towards  s,  pass  through  the  point  to  which  tbe  edge  of  the  rings 
is  directed,  the  rings  will  after  such  passage  cease  to  be  visible,  be- 
cause the  earth  will  then  be  on  their  dark  side.  It  is  possible  that 
after  this,  and  before  the  planet  arrives  at  p,  the  earth,  moving  from 
B  towards  e,  overtaking  the  direction  of  tbe  edge,  may  again  pass 
through  the  point  to  which  it  is  directed.  If  this  happen,  the  rings 
will  again  become  visible,  because  the  earth  will  thus  pass  from 
their  dark  to  their  illuminated  side. 

If,  in  this  case,  while  the  earth  moves  towards  isf  and  e^,  the 
planet  pass  through  p,  the  rings  will  agaiu  become  invisible,  because, 
their  edge  passing  from  one  side  of  the  sun  to  the  other,  the  side 
presented  towards  s'  will  be  dark,  and  that  towards  E  illuminated. 
If  in  this  case  the  earth,  moving  from  tf  towards  6^,  again  pass 
through  tbe  point  to  which  tbe  edge  of  the  rings  is  directed,  it  will 
again  pass  from  the  dark  to  the  enlightened  side,  and  the  rings 
will  again  become  visible. 

The  angle  Eps,  being  the  annual  parallax  of  Saturn  (2744),  is 
6^,  and  consequently  Ep  e'  or  PS  p'  is  12^.  But  since  the  annual 
heliocentric  motion  of  Saturn  is  12^-22,  tbe  time  of  moving  from  p 
top' is 

J|^X  365  =  358i  days. 
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or  about  6|  dajs  less  than  the  time  the  earth  takes  to  make  a  com- 
plete reTolutioD ;  so  that  while  the  pknet  moTes  from  p  to  P^  the 
earth  moves  through  about  854^  of  its  orbit. 

It  appears,  therefore,  that  the  interval  during  which  the  planet  is 
within  such  a  distance  of  its  equinoctial  point  as  to  render  the  dis- 
appearance of  the  rings  from  one  or  other  of  these  several  causes 
possible,  the  earth  makes  very  nearly  a  complete  revolution,  and  is 
therefore  at  one  time  or  other  in  a  position  to  meet  the  direction  of 
the  edges  at  least  once,  and  the  relative  position  of  it  and  the  planet 
may  be  such  as  to  cause  several  disappearances  of  the  rings  within 
six  months  before  and  after  the  Satumian  equinox. 

All  these  various  phenomena  were  witnessed  at  the  last  Satumian 
equinox  in  1848.  The  northern  surface  of  the  ring  had  then  been 
visible  for  nearly  fifteen  years.  The  motions  of  the  planet  and  the 
earth  brought  the  plane  of  the  ring  to  that  position  on  the  22nd  of 
April,  in  which,  its  edge  being  presented  to  the  earth,  it  became  in- 
visible, the  sun  being  still  north  of  the  plane.  On  the  3rd  of  Sep- 
tember, the  sun,  passing  through  the  plane  of  the  ring,  illuminated 
its  southern  surface,  and,  the  earth  being  on  the  same  side,  the  ring 
was  visible.  On  the  12th,  the  earth  again  passing  through  the 
plane  of  the  ring,  its  northern  surfSftce  was  exposed  to  the  observer, 
which  was  invisible,  the  sun  being  on  the  southern  side.  The  ring 
continued  thus  to  be  invisible  until  the  18th  of  January,  1849, 
when,  the  earth  once  more  passine  through  the  plane  of  the  rine, 
the  southern  surface  illuminated  by  the  sun  came  into  view.  This 
side  of  the  ring  will  continue  to  be  exposed  to  both  the  earth  and 
the  sun  until  1861-2,  the  epoch  of  the  next  equinox,  when  a  like 
succession  of  appearances  and  disappearances  will  take  place, — ^the 
sun  and  earth  eventually  passing  to  the  northern  side,  on  which 
they  will  continue  for  a  like  interval. 

2810.  Schmidt*8  observations  ami  drawings  of  Saturn  with  the 
ring  seen  edgeways,  —  At  the  last  Satumian  equinox,  which  took 
place  in  1848,  a  series  of  observations  was  made  at  Bonn,  the  re- 
sults of  which  have  demonstrated  the  existence  of  great  inequalities 
of  surface  on  the  rings,  having  the  character  of  mountains  of  con- 
siderable' elevation.  The  observations  were  made  and  published, 
accompanied  by  seventeen  drawings  of  the  appearance  of  the 
planet,  its  belts,  and  ring,  by  M.  Julius  Schmidt,  of  the  Bonn  Ob- 
servatory.* 

We  have  selected  from  these  drawings  four,  which  are  given  in 
Plate  XL 

On  the  26th  of  June,  the  planet  presented  an  appearance,  yf^.  1, 
closely  resembling  that  of  Jupiter,  except  that  a  dark  streak  was 
seen  along  its  equator,  produced  by  the  shadow  of  the  ring,  the 

*  Astron.  Nachr.  Schumacher,  Vol.  xxtiU.  No.  650. 
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earth  being  then  a  Utde  above  the  common  plane  of  die  ring  and 
the  ran.  A  few  feeble  streaks,  of  a  greyish  oolonr,  were  Tisiblo  on 
each  hemisphere,  which  however  disappeared  towards  die  poles.  A 
Teiy  feeble  star  was  seen  at  the  western  extremity  of  the  ring,  which 
was  rapposed  to  be  one  of  ihe  nearer  satellites.  The  ring  exhibited 
the  appearance  of  a  broken  line  of  light  projecting  from  each  side 
of  the  planers  disk. 

After  ^his  day  the  shadow  across  the  planet  disappeared,  bnt  was 
again  faintly  seen  on  the  25th  of  July. 

The  ring  continued  to  be  inrisible  until  the  3rd  of  September, 
when  a  very  slight  indication  of  it  was  seen,  but  on  the  next  night 
it  became  distinctly  visible  with  an  interruption  in  two  places,  as 
represented  in  fig.  2.  The  bright  equatorial  belt  was  divided  into 
two  unequal  parts  by  the  ring,  the  northern  portion  being  the  nar- 
rower. Three  small  satellites  were  seen  in  we  prolongation  of  the 
direction  of  the  ring. 

On  the  5th,  the  ring  was  symmetrically  broken  on  both  sides, 

On  the  7th,  the  western  side  was  divided  into  three  parts. 

Oo  the  llth,  the  ring  and  planet  presented  the  appearance  repre- 
Bcnted  VELfig,  4. 

The  broken  and  changing  appearances  of  the  ring  on  this  occa- 
sion, can  only  be  explained  by  the  admission  of  great  inequalities 
of  surface,  rendering  some  parts  of  the  ring  so  thick  as  to  be  visible, 
'  and  others  so  thin  as  to  be  invisible,  when  presented  edgeways  to 
the  observer. 

2811.  Obtervattans  of  Henchel. — These  observations  of  Schmidt 
are  corroborative  of  those  made  at  a  much  earlier  epoch  by  Sir  W. 
Herschel,  who  discovered  the  existence  of  appearances  on  the  surface 
of  the  rings  indicating  mountain  inequalities. 

2812.  Supposed  multiplicity  of  rings. — Some  observations  made 
at  Rome  and  elsewhere  gave  grounds  for  the  conjecture,  that  the 
outer  ring,  instead  of  being  double,  is  quintuple,  and  that  instead 
of  having  a  single  division,  there  are  four.  It  was  even  affirmed 
with  some  confidence,  that  the  ring  was  septuple,  and  consisted  of 
seven  concentric  rings  suspended  in  the  same  plane.  These  conjec- 
tures were  founded  upon  the  supposed  permanence  of  the  black 
circular  and  concentric  streaks  which  are  observed  upon  the  surface 
of  the  rings,  and  which  are  quite  analogous  to  the  belts  of  the  planet 
This  assumed  permanence  has  not,  however,  been  re-observed, 
although  the  planet  has  been  examined  by  numerous  observers,  with 
telescopes  of  very  superior  power  to  those  with  which  the  observa- 
tions were  made  which  formed  the  ground  of  the  conjecture. 

The  passage  of  Saturn  diametrically  across  any  fixed  star  of  suffi- 
cient magnitude,  at  the  epoch  of  the  Satumian  solstice,  when  the 
plane  of  Uie  ring  is  inclined  at  the  greatest  angle  to  the  visual  linO; 

m.  81 
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would  supply  the  most  eligible  means  of  testing  the  multiple  stmo- 
ture  of  the  rings ;  for  in  that  case  the  light  of  the  star  would  be 
seen  with  the  telescope  to  flash  through  eac%  snocessiye  opening  be- 
tween ring  and  ring,  proyided  that  the  width  of  such  opening  were 
sufficient  to  allow  the  visual  ray  to  clear  the  thickness  of  the  rings. 

2813.  Rin^  probably^  triple  —  6b9ervatwns  of  Meaan,  IxuaeU 
and  Dawes,  —  Nevertheless,  there  are  well-ascertained  appearanoes 
on  the  surface  of  the  outer  riog,  which  have  been  thought  to  indicate 
a  second  division,  and  that  the  ring  is  triple.  So  early  as  1838, 
Professor  Enck4  noticed  an  appearance  which  indicated  a  division, 
and  even  made  drawings  in  which  such  a  division  is  indicated.  (See 
Beriin  Trans.  1838.)  On  the  7th  September,  1843,  Messrs.  Lassell 
and  Dawes,  unaware  apparently  of  Eock^'s  observations,  with  a 
nine-feet  Newtonian  reflector,  constructed  by  Mr.  Lassell,  saw  what 
they  considered  to  be  a  division  of  the  outer  ring.  The  observation 
was  made  under  a  magnifying  power  of  450,  which  gave  a  sharply- 
defined  disk  to  the  planet,  and  exhibited  the  principal  division  of 
the  rings  as  a  continuous,  distinctly  seen,  black  streak,  extending 
all  round  the  surface  of  the  ring.  A  dark  line  on  the  outer  ring, 
near  the  extremities  of  the  ellipse,  was  not  only  distinctly  seen,  but 
an  estimate  of  its  breadth  compared  with  that  of  the  principal  division 
was  made  by  both  these  observers,  from  which  it  appeared  that  this 
breadth  was  about  one-third  of  the  space  which  separates  the  two 
principal  rings.  Its  place  upon  the  outer  ring  was  a  little  less  than 
half  the  entire  width  of  the  ring  from  the  outer  edge,  and  it  was 
equally  visible  at  both  ends  of  the  ellipse.  No  appearances  oould  be 
discovered  of  any  other  divisions,  although  the  shading  of  the  belts 
on  the  inner  ring  was  distinguished. 

2814.  Researches  of  Bessel  corroborate  these  conjectures. — Besf«el 
compared  all  the  observations  made  on  the  rings  from  1700  to  1833, 
with  the  view  of  determining  with  more  precision  the  nodes  of  the 
ring,  and  found  that  the  ring  has  frequently  been  seen  when  it  ought 
to  have  been  invisible,  if  the  several  conceotric  rings  of  which  it 
consists  were  all  in  the  same  plane  and  had  a  uniform  Bur&ce.  He 
found  that  the  appearances  and  disappearances  had  no  certain  or 
regular  epochs,  and  did  not  correspond  with  each  other,  even  to  the 
same  observer,  using  the  same  instrument.  Thus  Schwabe,  at 
Dessau,  saw  the  line  of  light  formed  by  the  rings,  near  their  equinox, 
resolve  itself  into  a  series  of  points.  Schmidt,  as  has  been  stated, 
saw  it  become  a  broken  line,  changing  from  night  to  night  its  form. 
Other  observers  saw  the  ring  disappear  on  one  side  of  the  disk,  while 
it  was  apparent  on  the  other.  From  all  these  phenomena,  it  is  in- 
ferred, that  probably  the  rings  are  in  planes  slightly  difierent;  that 
their  edge  is  not  regularly  circular,  but  notohed  and  dinged  3  and, 
in  fine,  that  their  surfaces  are  charaetetixed  bj  considerable  moun- 
tainoos  undnktlonB. 
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2815.  DvKOwry  of  an  inner  ting  imperfect^  reflective  and 
partiallif  transparent  —  But  the  inost  surprising  result  of  recent 
tele8copic  observations  of  this  planet  has  been  the  discovery  of  a  ring, 
composed,  as  it  would  appear,  of  matter  reflecting  light  much  more 
imperfccti J  than  the  planet  or  the  rings  already  described ;  and  what 
is  still  piore  extraordinary,  transparent  to  such  a  degree,  that  the 
body  of  the  planet  can  be  seen  through  it. 

In  1838,  Dr.  Oalle,  of  the  Berlin  observatory,  notioed  a  pheno* 
menon,  which  he  described  as  a  gradual  shading  off  of  the  inner 
ring  towards  the  surface  of  the  planet,  as  if  the  solid  matter  of  the 
ring  were  continued  beyond  the  limit  of  its  illuminated  surface,  this 
continnation  of  the  sur&oe  being  rendered  visible  by  a  very  feeble 
illamination  such  as  would  attend  a  penumbra  upon  it ;  and  mea- 
sures of  this  obscure  surface  were  published  by  him  in  the  <'  Berlin 
Transactiona ''  of  that  year. 

The  subject,  however,  attracted  very  little  attention  until  towards 
th«  close  of  1850,  when  Professor  Bond,  of  Boston,  and  Mr.  Dawes 
in  England,  not  only  recognised  the  phenomenon  noticed  by  Dr. 
Guile,  but  ascertained  its  character  and  features  with  great  precision. 
The  observations  of  Professor  Bond  were  not  known  in  England 
until  the  4th  of  December;  but  the  phenomenon  was  very  fully  and 
satisfactorily  seen  and  described  by  Mr.  Dawes,  on  the  29th  of  No- 
▼ember.  That  astronomer,  on  the  3rd  of  December,  called  the 
attention  of  Mr.  Laasell  to  it,  who  also  witnessed  it  on  that  even  ins 
at  the  observatory  of  Mr.  Dawes  3  and  both  immediately  published 
their  observations  and  descriptions  of  it,  which  appeared  in  Europe 
simultaneously  with  those  of  Professor  Bond. 

It  was  not,  however,  until  1852  that  the  transparency  was  fully 
ascertained.  From  some  observations  made  in  September,  Mr. 
Dawes  strongly  suspected  its  existence,  and  about  the  same  time  it 
was  clearly  seen  at  Madras  by  Captain  Jacob,  and  in  October  by 
Mr.  Lassell  at  Malta,  whither  he  had  removed  his  observatory  to 
obtain  the  advantages  of  a  lower  latitude  and  more  serene  sky.  The 
result  of  these  observations  has  been  the  conclusive  proof  of  the 
unique  phenomenon  of  a  semi-transparent  annular  appendage  to  this 
planet 

2816.  Drawing  of  the  planet  and  ring$  at  seen  hy  Mr,  Dawes, 
—  The  planet  surrounded  by  this  compound  system  of  rings  is 
represented  in  Plate  XII.  The  drawing  is  reduced  from  the  original 
sketch,  made  by  Mr.  Dawes,  of  the  planet  as  seen  from  his  refractor 
of  6i  inch  aperture,  at  Wateringbury,  in  November  1852.  Another 
representation  of  the  planet  as  seen  by  Mr.  Lassell  at  Malta,  in 
December,  1852,  has  been  lithographed,  and  is  almost  identical  with 
that  of  Mr.  Dawes.  In  both,  the  form  and  appearance  of  the  ob- 
scure ring  and  its  partial  transparency  are  rendered  quite  manifest 
The  principal  division  of  the  bright  rings  is  visible  ttuoughoat  it$ 
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entire  circamferenoe.  The  black  line,  supposed  to  be  a  division  of 
the  outer  ring,  is  yisible  in  the  drawing  of  Mr.  Dawes ;  but  was  not 
at  all  seen  by  Mr.  Lassell. 

A  remarkably  bright  thin  line,  at  the  inner  edge  of  the  inner 
right  ring,  which  appears  in  Plate  XII.,  was  distinctly  seen  by  Mr. 
Dawes  in  1851  and  1852. 

The  inner  bright  ring  is  always  a  little  brighter  than  the  planet 
It  is  not,  however,  uniformly  bright.  Its  illumination  is  most 
intense  at  the  outer  edge,  and  grows  gradually  fainter  towards  the 
inner  edge,  where  it  is  so  feeble  as  to  render  it  somewhat  difficult 
to  ascertain  its  exact  limit  It  would  seem  as  if  the  imperfectly 
reflective  quality  there  approaches  to  that  of  the  obscure  ring  recently 
discovered.  The  open  space  between  the  ring  and  the  j^net  has 
the  same  colour  as  the  surrounding  sky. 

2817.  BesseTa  calculation  of  the  mass  of  the  rings.  —  Bessel  has 
attempted  to  determine  the  mass  of  the  system  of  rings  by  the  per- 
turbation they  produce  upon  the  orbit  of  the  sixth  satellite.  He 
estimates  it  at  1-1 18th  part  of  the  mass  of  the  planet  The  thick- 
ness of  the  rings  being  too  minute  for  measurement,  no  estimate  of 
the  density  of  the  matter  composing  them  can  be  hence  obtained ; 
but  if  the  density  be  assumed  to  be  equal  to  that  of  the  planet 
(which  will  be  explained  hereafter),  it  would  follow  that  the  thick- 
ness of  the  rings  would  be  about  138  miles,  which  is  not  far  from 
the  estimate  of  their  thickness  made  by  observers.  If  this  thick- 
ness be  admitted,  the  edge  of  the  rings  would  subtend  an  angle  of 
the  l-32nd  part  of  a  second  at  Saturn's  mean  distance.  Hence  it 
will  be  understood  that  the  ring  must  disappear,  even  in  powerful 
telescopes,  when  presented  edgeways. 

2818.  Stability  of  the  rings.  —  One  of  the  circumstances  at* 
tending  this  planet,  whichh  as  excited  most  general  astonishment, 
IS  the  fact  that  the  globe  of  the  planet,  and  two,  not  to  say  more, 
stupendous  rings,  carried  round  the  sun  with  a  velocity  of  22,000 
miles  an  hour,  subject  to  a  periodical  variation  not  inconsiderable, 
due  to  the  varying  distance  of  the  planet  from  the  sun,  should 
nevertheless  maintain  their  relative  position  for  countless  ages  un- 
disturbed; the  globe  of  the  planet  remaining  still  poised  in  the 
middle  of  the  rings,  and  the  rings,  two  or  several  as  the  case  may 
be,  remaining  one  within  the  other  without  material  connection  or 
apparent  contact;  no  one  of  the  parts  of  this  marvellous  combination 
having  ever  gained  or  lost  ground  upon  the  other,  and  no  apparent 
approach  to  collision  having  taken  place,  notwithstanding  the  innu- 
merable disturbing  actions  of  bodies  external  to  them. 

2819.  Catue  assigned  for  this  stability. — The  happy  thought  of 
brining  the  rings  under  the  common  law  of  gravitation,  which 
gives  stability  to  satellites,  has  supplied  a  striking  and  beautiful  so- 
lution for  this  question.     The  manner  in  which  the  attraction  of 
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gnvitstioD,  oombioed  with  eenirifogtl  force,  oanses  the  moon  to 
keep  reTolviog  round  the  earth  without  falling  down  upon  it  by  its 
gravity  on  the  one  hand,  or  receding  indefinitely  from  it  by  the  oen« 
thfaeal  force  on  the  other,  is  weU  understood.  In  virtue  of  the 
equality  of  these  forces,  the  moon  keeps  continually  at  the  same 
mean  distance  from  the  earth  while  it  accompanies  the  earth  round 
the  sun.  Now  it  would  be  easy  to  suppose  another  moon  reyolving 
by  the  same  law  of  attraction  at  the  same  distance  from  the  earth. 
It  would  revoWe  in  the  same  time,  and  with  the  same  velocity,  as 
the  first.'  We  may  extend  the  supposition  with  equal  facility  to 
three,  four,  or  a  hundred  moons,  at  the  same  distance.  Nay,  we 
may  suppose  as  many  moons  placed  at  the  same  distance  round  the 
earth  as  would  complete  the  circle,  so  as  to  form  a  ring  of  moons 
touehinff  each  other.  They  would  still  move  in  the  same  manner 
and  with  the  same  velocity  as  the  single  moon. 

If  such  a  ring  of  moons  were  beaten  out  into  the  thin  broad  flat 
rings  which  actually  surround  Saturn,  the  circumstances  would  be 
somewhat  changed,  inasmuch  as  the  periods  of  each  concentric  sone 
would  vary  in  a  certain  ratio,  depending  on  its  distance  from  the 
centre  of  Saturn,  so  that  each  such  acne  would  have  to  revolve  mors 
rapidly  than  those  within  it,  and  less  rapidly  than  those  outside  it 
Bnt  if  the  entire  mass  were  coherent,  as  the  component  parts  of  a 
lolid  body  are,  the  complete  ring  might  revolve  in  a  periodic  time 
less  than  that  due  to  its  exterior  and  longer  than  that  due  to  its  in- 
terior parts.  In  hat^  the  period  of  its  revolution  would  be  the 
period  due  to  a  certain  sone  lying  near  the  middle  of  its  breadth, 
exactly  as  the  time  of  oscillation  of  a  compound  pendulum  is  that 
which  is  proper  to  the  centre  of  oscilktion  (543).  Indeed,  the  case 
of  the  osoiUation  of  a  pendulum  and  the  conditions  which  determine 
the  centre  of  oscillation  afford  a  veir  striking  illustration  of  the 
physical  phenomena  here  contemplated. 

2820.  Eotation  of  the  rings. — Now  the  observations  of  Sir  Wil- 
liam  Herschel  on  certain  appearances  upon  the  surface  of  the  rings 
led  to  the  discovery  that  they  actually  have  a  revolution  round  their 
common  centre  and  in  their  own  plane,  and  that  the  time  of  such 
revolution  is  very  nearly  equal  to  the  periodic  time  of  a  satellite 
whose  distance  from  the  centre  of  the  planet  would  be  equal  to  that 
of  the  middle  point  of  the  breadth  of  the  rings. 

Bnt  if  the  principles  above  explained  be  admitted,  it  would  follow 
that  each  of  the  concentric  zones  into  which  the  ring  is  divided 
would  have  a  different  time  of  revolution,  just  as  satellites  at  dif- 
ferent distances  have  different  periodic  times ;  and  it  is  extremely 
probable  that  such  may  be  the  case,  because  no  observations  hitherto 
made  afford  results  sufficiently  exact  and  conclusive  as  to  either 
establish  or  overturn  such  an  hypothesis. 

81  • 
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It  appeursy  therefore;  io  fine,  that  the  stability  of  the  ringB  k  ex* 
plicable  upon  the  same  priDciple  as  the  stability  of  a  satellite. 

2821.  Eccentricity  of  the  rings.  — The  fact  that  the  system  of 
rings  is  not  concentrical  with  the  planet,  resulted  from  some  observa- 
tions made  by  Messrs.  Harding  and  Schwabs;  after  which  the  sub- 
ject was  taken  up  by  Professor  Strove,  who,  by  delicate  micrometric 
observations  and  measurements  executed  with  the  great  Dorpat  in- 
strument, fully  established  the  fact,  that  the  centre  of  the  rings 
moves  in  a  small  orbit  round  the  centre  of  the  planet^  being  carridl 
round  by  the  rotation  of  the  rings. 

2822.  ArgumenUfor  the  itability  founded  an  the  eccentricity.^^ 
Sir  John  Herschel  has  indicated,  in  this  deviation  of  the  centre  of 
the  rings  from  the  centre  of  the  planet,  another  source  of  the  sta- 
bility of  the  Saturnian  system.  If  the  rings  were  ^'  mathematically 
perfect  in  their  circular  form,  and  exactly  concentric  with  the  planet, 
it  is  demonstrable  that  they  would  form  (in  spite  of  their  centrifugal 
force)  a  system  in  a  state  of  unstaUe  equUihrium^  which  the  Blightost 
external  power  would  8ubvert-=-not  by  causing  a  rupture  in  the  sub- 
stance of  the  rings  —  but  by  precipitating  them,  unbroken,  on  the 
surfi&ce  of  the  plimet.  For  the  attraction  of  such  a  ring  or  rings  on 
a  point  or  sphere  eccentrically  situate  within  them  is  not  the  same 
in  all  directions,  but  tends  to  draw  the  point  or  sphere  toward  the 
nearest  part  of  the  ring,  or  away  from  the  centre.  Hence,  suppos- 
ing the  body  to  become,  from  any  cause,  ever  so  little  eccentric  to 
the  ring,  the  tendency  of  their  mutual  gravity  is,  not  to  correct  but 
to  increase  this  eccentricity,  and  to  bring  the  nearest  parts  of  them 
together.  Now,  external  powers,  capable  of  producing  such  eccen- 
tricity, exist  in  the  attractions  of  the  satellites;  and  in  order  that 
the  system  may  be  stable,  and  possess  within  itself  a  power  of  re- 
sisting the  first  inroads  of  such  a  tendency,  while  yet  nascent  and 
feeble,  and  opposing  them  by  an  opposite  or  maintaining  power,  it 
has  been  shown  that  it  is  sujffioient  to  admit  the  rings  to  be  loaded 
in  some  part  of  their  circumference,  either  by  some  minute  in- 
equality of  thickness,  or  by  some  portions  being  denser  than  others. 
Such  a  load  would  give  to  the  whole  ring  to  which  it  was  attached 
somewhat  of  the  character  of  a  heavy  and  sluggish  satellite,  main- 
taining itself  in  an  orbit  with  a  certain  energy  sufficient  to  overcome 
minute  causes  of  disturbance,  and  establish  an  average  bearing  on 
its  centre.  But  even  without  supposing  the  existence  of  any  such 
load  —  of  which,  after  all,  we  have  no  proof —  and  granting,  there- 
fore, in  its  full  extent,  the  general  instabilitv  of  the  equilibrium,  we 
think  we  perceive,  in  the  periodicity  of  all  the  causes  of  disturbance, 
a  sufficient  guarantee  of  its  preservation.  However  homely  be  the 
illustration,  we  can  conceive  nothing  more  apt  in  every  way  to  give 
a  general  conception  of  this  maintenance  of  equilibrium,  under  a 
constant  tendency  to  subversion;  than  the  mode  in  which  a  practised 
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hand  will  sustain  a  long  pole  in  a  perpeodieolar  position  resting  on 
the  finger,  by  a  continual  and  almost  imperceptible  variation  of  the 
point  of  support  Be  that,  howeyer,  as  it  may,  the  observed  oscil- 
lation of  the  centres  of  the  rinffs  about  that  of  the  planet  is  in  it- 
self the  evidence  of  a  perpetual  contest  between  conservative  and 
destructive  powers — ^both  extremely  feeble,  but  so  antagonising  one 
another  as  to  prevent  the  latter  from  even  acquiring  an  uncon- 
trollable ascendancy,  and  rushing  to  a  catastrophe.'' 

Sir  J.  Herschel  further  observes,  that  since  ^^  the  least  diflTerence 
of  velocity  between  the  planet  and  the  rings  must  infallibly  precip- 
itate the  one  upon  the  other,  never  more  to  separate  Tfor,  once  in 
contact,  they  would  attain  a  position  of  stable  equilibrium,  and  l>e 
held  together  ever  after  by  an  immense  force),  it  follows  either  that 
their  motions  in  their  common  orbit  round  the  sun  must  have  been 
adjusted  to  each  other  by  an  external  power  with  the  minutest  pre- 
cision, or  that  the  rings  must  have  been  formed  about  the  planet 
while  subject  to  their  common  orbital  motion,  and  under  the  full 
and  free  influence  of  all  the  acting  forces.'' 

2823.  Satellites,  —  Saturn  is  attended  by  eight  satellites,  seven 
of  which  move  in  orbits  whose  planes  coincide  very  nearly  with  that 
of  the  equator  of  the  planet,  and  therefore  with  the  plane  of  the 
rings.  The  orbit  of  the  remaining  satellite,  which  is  the  most  distant, 
18  inclined  to  the  equator  of  the  planet  at  an  angle  of  about  12^  14', 
and  to  the  plane  of  the  planet's  orbit  at  nearly  the  same  angle. 

2824.  Their  nomenclature, — ^In  the  designations  of  the  satellites, 
much  confusion  has  arisen  from  the  disagreement  of  astronomers  as 
to  the  principle  upon  which  the  numerical  order  of  the  satellites 
should  be  determined.  Some  name  them  first,  second,  third,  &e., 
in  the  order  of  their  discovery ;  while  others  designate  them  in  the 
order  of  their  distances  frem  Saturn.  It  has  been  proposed  to  remove 
all  confusion,  by  giving  them  names,  taken,  like  those  of  the  planets, 
from  the  heathen  divinities.  The  following  metrical  arrangement  of 
these  names,  in  the  order  of  their  distances,  proceeding  from  the 
most  distant  inwards,  has  been  proposed,  as  affording  an  artificial  aid 
to  the  memory : — 

lapetosy  Titan ;  Rhea,  Dione,  Tethys  * ; 
Enceladas,  Mimas . 

2825.  Order  of  their  discovery,  — Since  this  was  suggested,  the 
eighth  satellite,  situate  between  lapetus  and  Titan,  has  been  discov- 
ered, and  called  Hyperion. 

*  Prononsced  TStbys. 


M8  JJBTfiOKOMT. 

Tbe  order  of  their  cliscovery  wu  u  follows :— * 


v«»» 

lapetos. 
lltaa. 
Rhea. 
IMone. 

Uimu. 
Hyperion. 

Do. 
Do. 
air  W.  =„«*-. 

M«Mn.LMMUwdBond. 

1865. 
187X 
1872. 
1«84. 
17fi9L 
1789L 
1818. 

Hyperion  was  disooTered  OD  the  same  nicht^  19th  Sept^  1848, 
by  Mr.  Lassell  of  Liverpool,  and  Professor  Bond  of  the  University 
of  Cambridge  in  tbe  United  States. 

2826.  Their  distancei  and  periods, — The  periodic  times  and 
mean  diatanoes  of  these  bodies  from  tbe  centre  of  Satnm,  ascer- 
tained by  the  same  kind  of  observations  as  already  explained  in  the 
case  of  Uie  satellites  of  Jupiter,  are  as  follows :  — 


OltfOT. 

,-. 

r«tM. 

om^ 

n       B.        M.        t. 

"K5l" 

•«sr" 

Minuis 

Eneeladut 

Tethyn 

Dtone 

0  22       87       22-9 

1  8       68         »7 

1  21       18       26-7 

2  17       41         8-9 
4       12       26       10-8 

1ft       22       41       26-2 
22      12       r         r 
79         7       68       40-4 

2-18 

814 

4-82 

8-28 

10-60 

86-48 

61-    ? 

186- 

8*8607 
44125 
63398 
6-8398 
9-6&28 
22-1460 
28-    f 
04-8600 

Kbea 

TlUn 

Hyperion. 

lapettti  

2827.  Harmonic  law  observed,  —  By  comparing  the  numbers 
exprcBsing  the  ratio  of  tbe  periods  and  distances,  it  will  be  found 
that  the  numbers  expressing  these  fulfil  tbe  harmonic  law,  subject 
to  such  deviations  from  its  rigorous  observance  as  are  due  to  the  in- 
fluence of  small  disturbing  causes  already  noticed.  Thus,  if  d  ex- 
press the  mean  distance  of  any  satellite  from  the  centre  of  the 
planet,  and  p  its  period,  it  will  be  found  that  the  relation 


P^ 


74 


will  be  very  nearly  tnie  for  all  the  satellites. 

2828.  Elongations  and  relative  distances,  —  The  greatest  elon- 
gations of  the  satellites  from  the  primary,  and  the  scale  of  their  dis- 
tances in  relation  to  the  diameters  of  the  planet  and  its  rings,  are 
represented  in  Jig.  779. 

It  appears,  therefore,  that  the  orbit  of  tbe  most  remote  of  the 
satellites  subtends  a  visual  angle  of  only  1286''  at  the  earth,  being 
about  two-thirds  of  the  apparent  diameter  of  the  sun  or  moon,  and 
within  this  small  visual  space  all  the  vast  physical  machinery  and 
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phenomena  which  we  have  here  notioed  ave  in  opera- 
tion^ and  within  such  a  space  have  these  extraordinary 
disooTeries  heen  made.  The  apparent  diameter  of  the 
external  edge  of  the  rings  is  only  44'',  or  the  fortieth 
part  of  the  apparent  diameter  of  the  sun  or  moon ;  yet 
within  that  small  circle  have  been  o))serYed  and  mea- 
I  sued  the  planet,  its  belts,  atmosphere,  and  rotation, 
and  the  two  rings,  their  magnitude,  rotation,  and  the 
I  lineaments  of  their  surface. 

2829.  Various  pTuues  and  appearances  of  the  said- 
lites  to  observers  en  the  planeL  -^  All  that  has  been 
said  of  the  phases  and  appearances  of  the  moons  of 
Jupiter,  as  presented  to  the  inhabitants, of  that  planet, 
is  equally  applicable  to  the  satellites  of  Saturn,  with 
this  difference,  that  instead  of  four  there  are  eight 
moons  continually  revolving  round  the  planet,  and 
exhibiting  all  the  monthly  chances  to  which  we  are 
accustomed  in  the  case  of  the  solitary  satellite  of  the 
earth. 

The  periods  of  Saturn's  moons,  like  those  of  Jupi- 
ter, are  short,  with  the  exception  of  those  most  remote 
fipom  the  primary.  The  nearest  passes  through  all  its 
phases  in  22^  hours,  and  the  fourth,  counting  upwards, 
m  less  than  66  hours.  The  next  three  have  months 
varying  from  4  to  22  terrestrial  days. 

These  seven  moons  move  in  orbits  whose  planes  are 

nearly  coincident  with  the  plane   of  the  rings.     The 

consequence  of  this  arrangement  is,   that  they  are 

Pig.  779.      always  visible  by  the  inhabitants  of  both  hemispheres 

when  they  are  not  eclipsed  by  the  shadow  of  the  planet. 

The  two  inner  satellites  are  seen  making  their  rapid  course  along 

the  external  edge  of  the  ring,  within  a  very  small  apparent  distance 

of  it.     The  motion  of  the  nearest  is  so  rapid  as  to  be  perceivable, 

like  that  of  the  hour-hand  of  a  colossal  time-piece,     it  describes 

360''  in  22|  hours,  being  at  the  rate  of  16"^  per  hour,  or  16'  per 

minute ;  so  that  in  two  minutes  it  moves  over  a  space  equal  to  the 

apparent  diameter  of  the  moon. 

The  eighth,  or  most  remote  satellite,  is  in  manv  respects  exoep 
tional,  and  different  from  all  the  others.  Unlike  these,  it  moves  in 
an  orbit  inclined  at  a  considerable  angle  to  the  plane  of  the  rings. 

It  is  exceptional  also  in  its  distance  from  the  primary,  being  re- 
moved to  the  distance  of  64  semidiameters  of  &tum.  The  only 
case  analogous  to  this  presented  in  the  solar  system  is  that  of  the 
earth's  moon,  the  distance  of  which  is  60  semidiameters  of  the 
primary.  / 

2830.  MagvUudes  of  the  satellites.  —  Owing  to  the  great  distance 
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of  Satun^,  tbe  dimensions  of  tbe  satellites  have  not!  been  aseei^ 
tained.  The  sixth  in  order,  proceeding  outwards,  is,  however, 
known  to  be  the  largest,  and  it  appears  certain  that  its  volaine  I8 
little  less  than  that  of  the  planet  if  ars.  The  three  satellites  im- 
mediately  within  this,  Rhea,  Dione,  and  Tethys,  are  smaller  bodies, 
and  can  only  be  seen  with  telescopes  of  great  power.  The  other 
two,  Mimas  and  Enoeladus,  require  instraments  of  the  very  highest 
power  and  perfection,  and  atmospheric  conditions^  of  the  most  favour- 
able nature,  to  be  observable  at  all.  Sir  J.  Herschel  says,  that  at 
the  time  they  were  discovered  by  his  father  <^  they  were  seen  to 
thread,  like  beads,  the  almost  infinitely  thin  fibre  of  light  to  which 
the  ring,  there  seen  edgeways,  was  reduced,  and  for  a  short  time  to 
advance  off  it  at  either  end,  speedily  to  return,  and  hastening  to 
their  habitual  concealment  behind  the  body.'' 

2831.  Apparent  magnitvdei  as  seen  from  Saturn,  —  The  real 
magnitudes  of  the  satellites,  the  eighth  excepted,  being  unascer- 
tained, nothing  can  be  inferred  with  any  certainty  respecting  their 
apparent  magnitudes  as  seen  from  the  surface  of  Saturn,  except 
what  may  be  reasonably  conjectured  upon  analogies  to  other  like 
bodies  of  the  system.  The  satellites  of  Jupiter  being  all  greater 
than  the  moon,  while  one  of  them  exceeds  Mercury  in  magnitadei 
and  another  is  but  little  inferior  in  volume  to  that  planet,  it  may  be 
assumed  with  great  probability  of  truth  that  the  satellites  of  Satam 
are  at  least  severally  greater  in  their  actual  dimensions  than  oar 
moon. 

If  this  be  admitted,  their  probable  apparent  magnitudes  as  seea 
from  Saturn  may  be  inferred  from  their  distances.  The  distance  of 
the  first,  Mimas,  from  the  nearest  part  of  the  surface  of  the  planet, 
is  only  94,000  miles,  or  about  2^  times  less  than  the  distance  of 
the  moon ;  the  distance  of  the  second  is  about  half  that  of  the 
moon ;  that  of  the  third  about  two-thirds,  and  that  of  the  fourth 
about  five-sixths,  of  the  moon's  distance.  If  these  bodies,  therefore, 
exceed  the  moon  in  their  actual  dimensions,  their  apparent  magni- 
tudes as  seen  from  Saturn  will  exceed  the  apparent  magnitude  of 
the  moon  in  a  still  greater  ratio  than  that  in  which  the  £stance  of 
the  moon  from  the  earth  exceeds  their  several  distances  from  the 
surface  of  Saturn.  Of  the  remaining  satellites,  little  is  as  yet 
known  of  the  seventh,  Hyperion,  which  has  only  been  recently  dis- 
covered; and  the  great  magnitude  of  the  sixth,  Titan,  renders  it 
probable  that,  notwithstanding  its  great  distance  from  Saturn,  it 
may  still  appear  with  a  disk  not  very  much  less  than  that  of  the 
moon. 

2832.  Horizontal  parallax  of  the  sateRiies,  —  The  horisontal 
parallax  is  determined  in  the  same  manner  as  for  the  satellites  of 
Jupiter  (2767).     Let  the  values  of  it,  for  the  eight  sateliiteB  pro* 
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oeediog  ouhrards;  be  expressed  by  Hi,  n^  n^  &c.y  and  we  shall 
have 

•.-^—    -.-*^-«-    '.-^--     ^-'^— 
'.-^--    '.-^--     '.-^-    '.-^— 

2833.  Apparent  magnitudes  of  Saturn  seen  from  the  satellitm, 
—  It  follows,  therefore,  that  the  disk  of  Saturn,  seen  from  the 
satellites  respectiyely,  subtends  visual  angles  varying  from  34^  sub- 
tended at  the  nearest,  to  2^  at  the  most  remote. 

2834.  Satellites  not  visible  in  the  circumpolar  regions  of  the 
planet.  —  From  what  has  been  explained  in  (2769),  combined  with 
the  observed  fact  that  all  the  satellites  except  lapetus  move  in  the 
plane  of  the  equator  of  the  planet,  it  follows  that  they  are  severally 
invisible  within  distances  of  the  poles  of  the  planet  expressed  bv 
their  horizontal  parallaxes.  Thus,  the  first  cannot  be  seen  at  lati- 
tudes higher  than  73'';  the  second,  76^*4;  the  third,  79'''8;  and 
00  on. 

2835.  Remarkable  relation  hetween  the  periods,  —  The  periods 
of  the  four  satellites  nearest  to  the  planet  have  a  very  remarkable 
numeiical  rektion.  If  they  are  expressed  by  p,  p',  p'',  and  P^",  we 
shall  find  that 

p^=2p,  p^"=2p'; 

that  is,  ihe  periods  of  the  third  and  fourth  are  respectively  double 
thoee  of  the  first  and  second. 

2836.  Botatian  on  their  axes,  —  The  case  of  the  moon,  and  the 
obeervations  made  on  the  satellites  of  Jupiter,  raise  the  presumption 
that  it  is  a  general  law  of  secondary  planets  to  revolve  on  their 
axes  in  the  times  in  which  they  revolve  round  their  primary.  The 
great  distance  of  Saturn  has  deprived  observers  hitherto  of  the 
power  of  testing  this  law  by  the  Satumian  system.  Certain  ap- 
pearances, however,  which  have  been  observed  in  the  case  of  the 
great  satellite  Titan,  indicate,  at  least  with  regard  to  it,  such  a  rota- 
tion. The  variation  of  its  apparent  brightness  in  diiFerent  parts  of 
its  orbit  is  very  conspicuous,  and  the  changes  have  a  fixed  relation 
to  its  elongation,  the  same  degree  of  brightness  always  correspond- 
ing to  the  same  position  of  the  satellite  in  relation  to  its  primary. 
Now  this  is  an  effect  which  would  be  explicable  on  the  supposition 
that  different  sides  of  the  satellite  reflect  light  with  different  degrees 
of  intensity,  and  that  it  revolves  on  its  axis  in  the  same  time  that 
it  revolves  rodnd  its  primaiy.  It  has  been  observed  that,  when  the 
satellite  has  eastern  elongation,  it  has  ceased  to  be  visible,  from 
which  it  has  been  inferred  that  the  hemisphere  then  turned  to  the 
earth  has  so  feeble  a  reflective  power  that  the  light  proceeding  from 
it  is  insufficient  to  a&et  the  «ye  in  a  sensible  degree.   The  improve- 
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ment  of  telescopes  hu  enabled  observers  to  follow  it  at  present 
through  the  entire  extent  of  its  orbit,  bat  the  diminution  of  its 
lustre  on  the  eastern  side  of  the  planet  is  still  so  great^  that  it  is 
pnlj  seen  with  the  greatest  difficulty. 

2837.  Mom  of  Saturn,  —  The  mass  of  Saturn  is  ascertained  bj 
the  motion  of  his  satellites  by  the  method  already  ezpkined  (2635). 

If  r  express  the  distance  of  the  planet  from  the  sun  in  semi- 
diameters  of  the  orbit  of  a  satellite,  P  the  period  of  the  pUnet  taking 
that  of  the  satellite  for  the  unit,  and  m  the  mass  of  the  sun  taking 
that  of  the  planet  for  the  unit,  we  shall  have 

By  substituting  for  these  symbols  the  numbers  which  they  repre- 
sent in  the  case  of  Saturn  and  his  satellites,  values  will  be  found 
for  M,  a  mean  of  which  is  about  3500,  showing  that  the  mass  of 
Saturn  is  the  3500th  part  of  the  mass  of  the  sun. 

Since  the  earth  is  the  355,000th  part  of  the  mass  of  the  sun,  it 
follows  that  the  mass  of  Saturn  is  lOO  times  that  of  the  earth. 

2838.  Density.  —  Since  the  mass  of  Saturn  is  only  100  times 
that  of  the  earth,  while  his  volume  is  about  1000  times  greater,  it 
follows  that  this  planet  is  composed  of  matter  whose  mean  density 
is  about  ten  times  less  than  that  of  the  earth ;  and  since  the  density 
of  the  earth  is  five  and  a  half  times  greater  than  that  of  water,  it 
follows  that  the  density  of  Saturn  is  a  little  more  than  half  thai 
of  water.  This  is  the  density  of  the  light  sorts  of  wood,  such  as 
cedar  and  poplar,  and  is  about  twice  the  density  of  cork  (787). 

2839.  Svperjicial  gravity.  —  The  gravity  by  which  bodies  on 
the  surface  of  Saturn  are  attracted,  omitting  for  the  moment  all  con- 
sideration of  the  effects  of  the  spheroidal  form  and  rotation,  may  be 
computed  by  the  principles  already  explained  by  its  mass  and  meaa 
diameter.  ^ 

Let  ml  =s  the  mass,  that  of  the  earth  being  1 ; 

/  =  the  mean  semidiameter,  that  of  the  earth  being  1  \ 
^  =  superficial  gravity,  that  of  the  earth  being  1. 

We  shall  then  have 

m  _  101-6  _ 


Superficial  gravity,  therefore,  on  Saturn  exceeds  that  upon  the 
earth  by  thirteen  per  cent ,  omitting  the  eflfeots  of  form  and  rotation. 

2840.  Centrifugal  force  at  Saturn's  equator.  —  The  force  of 
gravity  on  Saturn,  as  on  Jupiter,  is  subject  to  considerable  varia- 
tion, arising  from  the  counteracting  effects  of  centrifugal  force. 
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Let  0  =:  oenlrifogal  force  at  the  planet's  equator  related  to  ter- 
restrial gravity  as  the  unit; 
g  ss  1608  feet; 
V  =  yelodtj  of  Satam's  equator  in  feet  per  second. 

We  shall  then  have  (313) 

^■~21'xy- 

The  valne  of  y  deduced  from  the  equatorial  diameter  of  the 
planet  and  the  time  of  its  rotation  is  84^775,  and  it  follows^  there- 
lore,  that  0  =  0-1799. 

Deducting  this  from  the  superficial  gravity^  undiminished  by 
rotation  alrrady  computed  (2839),  we  shall  have 

y  —  0  ==  113  —  01799  =  0-9501 ; 

which  isy  therefore,  the  efiective  gravity  of  Saturn's  equator  related 
to  terrestrial  gravity  as  the  unit 

2841.  YariaJlion  of  gravity  from,  equafor  to  pole.  —  Let  e,  tr, 
and  c  retain  their  former  significations  (2777)  (2384),  and  by  the 
theorem  of  Clairault^  already  noticed,  we  shall  have 

e  4-  to  =  2-6  c. 

Bnt^  by  what  haa  been  proved,  we  have 

e  =  0097        c  =  -^-  =  —^  =  0189 ; 
^— c     0-9501  ' 

from  which  it  follows  that 

w = 2  5  X 0189  —  0097  =  0-3755. 

It  follows,  therefore,  that  a  bod^  which  weighs  10,000  lbs.  at 
Saturn's  equator  would  weigh  13,755  lbs.  if  transported  to  his  pole; 
and  a  body  which  weighs  100  lbs.  placed  upon  the  earth  would 
weigh  95  lbs.  on  Saturn's  equator. 

The  height  through  which  a  body  would  fall  in  a  second  upon 
Saturn  will  be 

16-08  X  0-95  =  15-28  feet  at  the  equator; 
15-28  X  1-375  =  2501  feet  at  the  pole. 

The  relative  heights  through  which  bodies  would  fall,  and  the 
lengths  of  pendulums,  may  be  determined  in  the  same  manner  as 
already  explained  (2777). 

2842.  Prevailina  erron  respecting  the  uranography  of  Saturn, — 
The  rings  must  obviously  form  a  most  remarkable  object  in  the 
firmament  of  observers  stationed  upon  Saturn,  and  must  play  an 
important  part  in  their  uranography.  The  problem  to  determine 
their  apparent  magnitude,  form,  and  position,  in  relation  to  the  fixed 
stars,  the  sun,  and  Saturnian  moons,  has,  therefore,  been  regarded 

ui.  32 
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M  &  question  of  inteiesting  speeolationy  if  not  of  great  edentifio  im- 
portance ;  and  has,  accordingly^  more  or  less  eng^o^ed  the  attention 
of  astronomers.  It  is  neverdieless  a  singular  &ct|  that^  although 
the  subject  has  been  discussed  and  examined  bj  Tarious  anthoritiea 
for  three^uarters  of  a  century,  the  conclusions  at  which  they  have 
arriyed,  and  the  views  which  have  been  generally  expressed  and 
adopted  respecting  it,  are  completely  erroneous. 

In  the  Berlin  Jahrbuch  for  1786,  Professor  Bode  published  an 
essay  on  this  subject,  which,  subject  to  the  imperfect  knowledge  of 
the  dimensions  of  the  rings  which  had  then  resulted  from  the  ob- 
servations made  upon  them,  does  not  seem  to  differ  materially  in 
principle  from  the  views  adopted  by  the  most  eminent  aatronomeiB 
of  the  present  day. 

2843.  Views  of  Sir  J.  Herschd.  —  Sir  John  Heraohel,  in  his 
Outlines  of  Astronomy,  edit.  1849,  states  that  the  rings  as  seeQ 
from  Saturn  appear  as  vast  arches  spanning  the  sky  from  horizon  to 
horizon,  holding  an  almost  invariable  situation  among  the  stars ;  and 
that,  in  the  hemisphere  of  the  planet  which  is  on  their  dark  side,  a 
solar  eclipse  of  fifteen  years'  duration  takes  place. 

This  statement,  which  has  been  reproduced  by  almost  all  writers 
both  in  England  and  on  the  Continent,  is  incorrect  in  both  the  par- 
ticulars stated.  Firsty  the  rings  do  not  hold  an  almost  invariable 
position  among  the  stars.  On  the  oontraiy,  their  position  with  re> 
lation  to  the  fixed  stars  is  subject  to  a  change  so  rapid  that  it  must 
be  sensible  to  observers  on  the  planet,  the  stars  seen  on  one  side  of 
the  rings  passing  to  the  other  side  from  hour  to  hour.  Secondly, 
no  such  phenomenon  as  a  solar  eclipse  of  fifteen  years'  duration,  or 
any  phenomenon,  bearing  the  least  analogy  to  it,  can  take  place  on 
any  part  of  the  globe  of  Saturn. 

2844.  Theory  of  Mddler,  — Among  the  continental  astronomers 
who  have  recently  reviewed  this  question,  the  most  eminent  is  Dr. 
Midler,  to  whose  observations  and  researches  science  b  so  largely 
indebted  for  the  information  we  possess  respecting  the  physical  char- 
acter of  the.  surface  of  the  Moon  and  Mars. 

This  astronomer  maintains,  like  Herschel,  that  the  rings  hold  a 
fixed  position  in  the  firmament,  their  edges  being  projected  on  par- 
allels of  declination,  and  that,  consequently,  all  celestial  objects  are 
carried  by  the  diurnal  motion  in  circles  parallel  to  them,  so  that  in 
the  same  latitude  of  Saturn  the  same  £tars  are  always  covered  by 
the  rings,  and  the  same  stars  are  always  seen  at  the  same  distance 
from  them. 

This  is  also  incorrect  The  zones  of  the  firmament  covered  by 
the  rings  are  not  bounded  by  parallels  of  declination,  but  by  curves 
which  intersect  these  parallels  at  various  angles. 

Dr.  Madler  entera  into  elaborate  calculations  of  the  solar  eclipses 
which  take  place  during  the  winter  half  of  the  Satamian  year. 
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Aecording  to  him^  at  a  certain  epoch  after  the  autamnal  equinox  in 
each  latitnde,  the  sun  passes  under  the  outer  ring  and  is  eclipsed  hj 
it,  and  continues  to  he  thus  eclipsed  until,  hy  its  increasing  declina' 
tion,  it  emerges  from  the  lower  edge  of  that  ring  and  passes  into  the 
opening  between  the  rings,  where  it  continues  to  be  visible  for  an 
interval  greater  or  less  according  to  the  latitude, of  the  observer, 
until  the  further  increase  of  its  declination  causes  it  to  pass  under 
the  edge  of  the  inner  ring,  where  it  is  again  eclipsed.  The  further 
increase  of  its  declination  in  certain  latitudes  would,  according  to 
this  astronomer,  carry  it  beyond  the  lower  edge  of  the  inner  ring, 
after  which  it  would  be  seen  below  the  ring  uneolipsed.  After  the 
solstice  in  such  latitudes,  when  the  sun  returns  towards  the  celestial 
equator,  its  decreasing  declination  would  carry  it  successively  first 
under  the  inner  and  tnen  under  the  outer  ring.  There  would  thus 
be,  according  to  Madler,  in  such  latitudes  two  solar  eclipses  of  long 
duration,  one  by  each  ring  before  the  winter  solstice ;  and  two  others 
of  like  duration,  but  in  a  contrary  order,  after  the  winter  solstice. 
In  certain  latitudes,  however,  the  declination  of  the  lower  edge  of 
the  inner  ring  being  greater  than  the  obliquity  of  the  orbit  to  the 
Satumian  equator,  the  sun  would  not  emerge  from  the  inner  ring, 
and  in  this  case  there  would  be  only  one  eclipse  by  the  inner  ring, 
and  that  at  mid- winter;  but,  as  before,  two,  one  before  and  the  other 
after  the  solstice,  by  the  outer  ring,  separated  from  the  former  by  the 
time  during  which  the  sun  passes  across  the  interval  between  the  rinss. 

Dr.  Madler  computes  the  duration  of  these  various  eclipses  in  Sie 
different  latitudes  of  Saturn,  and  gives  a  table,  by  which  it  would 
appear  that  the  solar  eclipses  which  take  place  behind  the  inner 
ring  vary  in  length  from  three  months  to  several  years,  that  the  du- 
ration of  the  eclipses  produced  by  the  outer  ring  is  still  ereater,  and 
that  the  duration  of  the  appearance  of  the  sun  in  the  interval  be- 
tween the  rings  varies  in  different  latitudes  from  ten  days  to  seven 
and  eight  months.* 

2845.  Correction  of  the  preceding  viewt.  —  These  various  con- 
clusions and  computations  of  Dr.  Madler,  and  the  reasoning  on 
which  they  are  based,  are  altogether  erroneous ;  and  the  solar  phe- 
nomena which  he  describes  have  no  correspondence  with,  nor  any 
resemblance  to,  the  actual  uranographical  phenomena. 

We  shall  now  expkin,  so  far  as  the  necessary  limits  of  the  present 
volume  will  admit,  what  the  actual  phenomena  are  which  would  be 
witnessed  by  an  observer  stationed  at  different  parts  of  the  surface 
of  Saturn.  It  will  not,  however,  be  possible  to  enter  into  the  de- 
tails of  the  reasoning  upon  which  the  conclusions  are  based.  For 
this  we  must  refer  to  a  memoir  by  the  author  of  this  volume,  read 
before  the  Royal  Astronomical  Society  of  London,  and  which  will 
be  seen  in  their  Transactions. 

*  Bee  Populare  Aatronomie,  von  Dr.  J.  H.  Madler.    Berlin,  1862. 


876  ASTROKOMT. 

2846.  Phenomena  presented  to  an  6b$erver  stationed  at  Satum*s 
equator, —  Zone  of  the  firmament  covered  hy  the  ring, —  The  station 
of  the  observer  in  this  case  beiDg  in  the  pkne  of  the  ring,  and  the 
heavens  having  the  character  of  a  right  sphere,  the  ring  will  cover  a 
zone  of  the  firmament  coinciding  with  the  prime  verUcal,  which,  in 
this  case,  is  also  the  celestial  equator.  It  will  therefore  pass  through 
the  zenith  of  the  observer  at  right  angles  to  his  meridian,  descending 
to  the  horizon  at  the  east  and  west  points.  The  only  part  of  the 
system  of  rings  exposed  to  view  is  the  inmer  edge  of  the  inner  ring. 
This  edge  is  illuminated  at  nieht  by  the  sun  at  all  times,  except  at 
the  equinox,  when  the  sun,  oeing  in  the  plane  of  the  ring,  one 
semicircle  of  the  ring  throws  its  shadow  on  the  other ;  and  excepting, 
also,  that  arc  of  the  ring  on  which  the  shadow  of  the  planet  falls. 
In  the  day-time  the  edge  of  the  ring  is  rather  strongly  illuminated 
by  light  reflected  from  the  extensive  and  not  very  remote  surface 
of  the  planet. 

The  thickness  of  the  ring  not  being  exactly  ascertained,  the  ap- 
parent width  of  the  zone  of  the  firmament  which  it  covers  cannot  be 
determined  with  precision. 

If,  however,  the  major  limit  of  250  miles,  assigned  to  the  thick* 
ness  by  Sir  J.  Herschel,  be  adopted,  the  corresponding  limit  of  the 
apparent  width,  obtained  by  the  usual  method  of  cidculation,  by 
comparing  this  thickness  with  its  distance  from  the  observer,  will 
give  45'  as  the  apparent  breadth  of  the  zone  occupied  by  the  ring  at 
the  zenith ;  and  since  the  observer,  being  stationed  at  the  point  o 
(Jig.  780)  considerably  removed  from  the  centre  o  of  the  ring,  is  at 

a  greater  distance  op^'  oj/'  from 
those  points  of  the  ring  which  meet 
the  horizon  than  from  that  which  is 
at  the  zenith,  the  apparent  breadth  of 
the  ring  will  gradually  decrease  from 
the  zenith  z  to  the  horizon  in  the 
same  proportion  as  the  distance  of 
successive  points  P,  p',  &c.,  of  the  ring 
Fig.  780.  from  the  station  of  the  observer  in- 

creases. From  the  known  values  of 
the  diameters  of  the  planet  and  the  ring  already  given,  it  is  easy  to 
show  that  the  apparent  breadth  of  the  riuff  at  the  horizon  will  be 
less  than  its  apparent  breadth  at  the  zenith  in  the  ratio  of  9  to  4 
very  nearly,  that  being  the  inverse  ratio  of  the  distance  of  the  two 
points  from  the  observer.  If,  therefore,  the  apparent  breadth  of  the 
ring  at  the  zenith  z  be  45',  its  apparent  breadth  at  the  horizon  n^p" 
will  be  20^. 

It  appears,  therefore,  that  a  zone  of  the  firmament  is  in  this  case 
covered  by  the  ring  extending  22}'  N.  and  S.  of  the  equator  at  the 
zenith,  and  lO'  N.  and  S.  of  it  at  the  horizon,  and  gradiudly  deoreaa- 


THB  MAJOR  PLANSTS.  877 

ing  in  width  from  the  one  point  to  the  other.  It  follows  that  two 
parallels  of  declination  at  22}'  N.  and  S.  touch  this  zone  at  the 
points  where  it  intersects  the  meridian,  and  lie  elsewhere  altogether 
clear  of  it;  and  two  oth^r  parallels,  whose  declination  N.  and  S.  is 
K/y  meet  it  at  the  horizon,  and  lie  elsewhere  altogether  within  it. 
The  intermediate  parallels  intersect  the  edges  of  the  sone  at  certain 
points  hetween  the  zenith  and  the  horizon,  and  pass  outside  it,  helow 
and  under  it,  ahove  those  points.  It  follows  from  this,  that  all 
objects  situate  in  such  parallels  rise  clear  of  the  ring,  pass  under  it 
at  a  certain  altitude,  and  culminate  occulted  by  it.  All  parallels  of 
declination,  whose  distance  from  the  equator  is  less  than  10',  are 
entirely  covered  by  the  ring  from  the  horizon  to  the  zenith ;  and  all 
objects  placed  on  such  parallels  are,  consequently,  occulted  by  the 
ring  through  the  whole  period  of  their  diurnal  motion. 

2847.  oolar  eclipses  at  Saturn's  equator.  —  These  obserrations 
are  applicable,  of  course,  not  only  to  the  sun,  but  to  all  'objects  of 
changeable  declination.  As  to  the  sun,  its  apparent  diameter  at 
Saturn  being  3' '3,  its  disk  will  be  in  external  contact  with  the  ring 
at  the  zenith,  when  the  declination  of  its  centre  is  24  i'^  and  in  in- 
ternal contact  with  it  when  its  declination  is  21'. 

From  a  calculation  of  the  rate  at  which  the  sun  changes  its  decli- 
nation at  and  near  Saturn's  equinox,  derived  from  the  ascertained 
obliquity  of  his  equator  to  his  orbit,  it  may  be  shown  that  it  will 
have  the  declination  24  ('  at  twenty-two  days  before  the  equinox,  and 
the  declination  21'  at  nineteen  days  before  it.  At  twenty-two  days 
before  the  equinox,  therefore,  a  partial  eclipse  of  the  sun  oy  the  ring 
at  the  zenith  will  commence,  which  wiU  become  total  at  nineteen 
days  before  it. 

But  though  total  at  the  zenith,  it  will  still  be  only  partial  at  lower 
altitudes,  and  the  sun's  disk  will  be  clear  of  the  ring  altogether  when 
still  nearer  to  the  horizon. 

When  the  sun's  declination  still  decreasing  becomes  11''65,  its 
disk  will  be  in  external  contact  with  the  ring  at  the  point  where  it 
rises  and  sets ;  and  when  its  declination  becomes  8'*35,  it  will  be  in 
internal  contact,  and  therefore  totally  eclipsed.  The  sun  will  have 
the  former  declination  at  ten  days  and  a  half,  and  the  latter  at  seven 
days  and  a  half,  before  the  equinox. 

It  follows,  therefore,  that  the  sun  will  be  totally  eclipsed  from 
rising  to  setting,  seven  days  and  a  half  before,  and  seven  days  and 
a  half  after,  the  equinox,  to  an  observer  stationed  on  the  equator  of 
the  planet. 

2848.  Eclipses  of  the  satellites.  —  The  orbits  of  the  six  inner 
satellites,  being  exactly  or  nearly  in  the  plane  of  the  ring,  they  will 
be  permanently  eclipsed  by  the  ring  to  an  observer  stationed  on  the 
pUnet's  equator,  unless,  indeed,  the  apparent  magnitudes  of  their 
disks  exceed  the  apparent  width  of  the  ring.     The  real  magnitude 
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of  the  satellites  being  anascertaiDed,  it  is  impoemble  to  determine 
tbeir  apparent  magnitudes ;  from  analogy  it  would  appear  improbable 
that  they  should  be  so  great  as  the  apparent  width  of  the  ring  even 
at  the  horizon,  and  unless  they  depart  to  some  extent,  bj  reason  of 
small  obliquities  in  their  orbits,  from  the  plane  of  the  ring,  all 
view  of  them  must  be  permanently  intercepted  from  an  observer  ihna 
stationed. 

The  eighth  satellite,  howeyer,  whose  orbit  is  inclined  to  the  plane 
of  the  ring  at  an  angle  of  about  13^,  departs  N.  and  S.  of  the  ring 
to  this  extent,  and  is  subject  to  eclipses  similar  to  those  of  the  son 
already  described. 

2849.  Fhenomena  presented  to  an  observer  at  other  Satumtan 
latittidei.  —  If  an  observer  be  stationed  at  any  point  on  one  of  ihe 
meridians  of  the  planet,  on  the  same  side  of  the  ring  as  the  son,  the 
ring  will  present  to  him  the  appearance  of  an  arch  in  the  heavens, 
bearing  some  resemblance  in  its  form  to  a  rainbow;  the  surfiioe,  how- 
ever, having  an  appearance  resembling  that  of  the  moon. 

The  vertex  or  highest  point  of  this  arch  will  be  upon  his  meridian, 
and  the  two  portions  into  which  it  will  be  divided  by  the  meridian 
will  be  equal  and  similar,  and  will  descend  to  the  horison  at  points 
equally  distant  from  the  meridian.  The  apparent  breadth  of  this 
illuminated  bow  will  be  greatest  upon  the  meridian,  and  it  will  de- 
crease in  descending  on  either  side  towards  the  horizon,  where  it 
will  be  least.  The  division  between  the  two  rings  will  be  apparent^ 
and,  except  at  places  within  a  very  short  distance  of  the  equator, 
the  firmament  will  be  visible  through  it 

2850.  Edges  of  the  rings  seen  at  variable  distances  from  celes- 
tial egwitor. — The  distance  of  the  edge  of  the  bow  from  the  celes- 
tial eouator  will  not  be  every  where  the  same,  as  it  has  been  erro- 
neously assumed  to  be.  That  part  of  the  bow  which  is  upon  Uie 
meridian  will  be  most  remote  from  the  celestial  eouator;  and  in 
descending  from  the  meridian  on  either  side  towards  the  horizon, 
the  declination  of  its  edse  will  gradually  decrease,  so  that  those 
points  which  rest  upon  the  horizon  will  be  nearer  to  the  equator 
than  the  other  points. 

2851.  Parallels  of  dedinationy  therefore^  intersect  ihe7n.  —  It 
follows  from  this,  that  the  parallel  of  declination  which  passes 
through  the  points  where  the  upper  edge  of  the  bow  meets  the 
horizon  will  lie  every  where  above  it,  and  the  parallel  which  passes 
through  the  point  where  the  upper  edge  crosses  the  meridian  will 
lie  every  where  below  that  edge.  This  necessarily  follows  from 
the  fact,  that  the  declination  of  the  points  where  the  edge  meets  the 
horizon  is  less,  and  that  of  the  point  where  it  meets  the  meridian 
greater,  than  Uiat  of  any  other  point  upon  it 

It  appears  from  this,  that  all  parallels  whose  declinations  are 
greater  than  those  of  the  points  where  the  edge  meets  the  horizon, 
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and  less  ibaii  that  of  the  point  where  it  crosses  the  meridian,  must 
intersect  the  edge  hetween  the  horizon  and  the  meridian,  and  must 
therefore  lie  below  it  under  the  point  of  intersection^  and  above  it 
over  the  point  of  intersection. 

These  conditions  are  equally  applicable  to  each  of  the  edges  of 
each  of  the  rings,  and  will  serve  to  determine  in  all  cases  those 
paraUels  which  will  intersect  them  respectively. 

2852.  Udges  placed  tymmetricoMy  in  relation  to  meridian  and 
horizon.  —  From  the  symmetrical  position  of  each  of  the  edges,  with 
relation  to  the  meridian  and  horizon,  it  will  be  apparent  that  the 
points  at  which  each  parallel  intersects  them  will  be  similarly  placed 
on  each  side  of  the  meridian,  having  equal  altitudes  and  equal  azi- 
muths E.  and  W. 

2853.  Form  of  the  projection  at  different  latitudes.  —  The  gene- 
ral form  and  position  of  the  bow  formed  by  the  projection  of  the 
rings  upon  the  firmament  in  each  latitude  may  be  easily  determined 
by  elementary  geometrical  principles.     Let  pb  (Jig.  781)  be  the 
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quadrant  of  the  meridian  of  the  planet  passing  throngh  the  station 
of  the  observer  o,  and  let  R  r'  r  represent  one  of  the  edges  of  the 
rings  reduced  by  perspective  to  an  oval,  but  shown  as  a  circle  in  the 
lower  figure.  It  will  be  easily  perceived,  that  the  visual  ray  passing 
through  o  to  R  carried  round  the  circle  R,  r',  r",  &o.,  will  describe 
the  surface  of  an  oblique  cone,  whose  base  b  the  plane  of  the  ring, 
and  whose  axis  o c  is  inclined  to  the  base  at  an  angle  OCR,  equal 
to  the  latitude  of  the  station.  The  projection  of  the  edge  of  the 
bow  upon  the  firmament  will  then  be  the  intersection  of  the  surfiice 
of  this  oblique  cone  with  the  celestial  sphere ;  and  it  can  be  demon- 
strated, that  the  point  of  this  which  is  most  remote  from  the  eele«- 
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tial  equator  is  tbe  projection  of  tlie  point  R,  where  the  plane  of  the 
meridian  intersects  the  plane  of  the  ring ;  that  the  other  points  of 
the  projection  approach  nearer  to  the  celestial  equator  as  their  dis- 
tance from  the  meridian  increases ;  and  that  thej  have  equal  decli- 
nations at  equal  distances  east  and  west  of  the  meridian. 

To  illustrate  this  still  more  fully,  let  NtJE,/^.  782,  be  a  quad- 
rant of  a  meridian  of  the  planet,  o  being  its  oentre  and  c  £  its  semi- 
diameter.  Let  R  r'  be  a  section  of  the  inner  ring,  made  by  the 
plane  of  the  meridian  continued  through  the  ring,  and  let  r  r'  be  a 
like  section  of  the  exterior  ring. 

2854.  Rtngt  invisible  aSave  laU  63"^  20"  88''.— If  we  suppose  an 
obeerver  to  travel  upon  the  meridian  from  the  pole  n,  towards  the 
equator,  it  is  evident  that  at  first  all  view  of  the  rings  will  be  inter- 
cepted by  the  convexity  of  the  planet.  If  a  line  be  drawn  from  r, 
the  external  point  of  the  external  ring,  touching  the  planet,  it  can 
be  proved  that  the  point  of  contact  will  be  at  the  latitude  of  63^ 
20^  38'' ;  and  it  is  evident,  that  when  the  observer  has  descended  to 
ibis  latitude  the  point  r  will  be  in  his  horizon,  and  consequently  at 
all  higher  latitudes  it  will  be  below  his  horizon,  and  therefore  in- 
visible. It  appears,  therefore,  that  no  part  of  the  outer  ring  is 
visible  from  any  latitude  above  63''  20'  38",  and  that  at  this  latitude 
a  single  point  of  the  exterior  ring  is  visible  just  touching  the 
acrathem  point  of  the  horizon. 

2855.  Appearance  ai  lot.  59''  2(y  25".— If  the  observer  now  de- 
scend to  lower  latitudes,  the  exterior  ring  will  begin  to  rise  above 
his  horizon  at  the  southern  point ;  and  it  can  be  shown  that  when 
he  has  descended  to  the  ktitude  59''20'25"y  his  horizon  will  just 
touch  the  inner  edge  /  of  the  exterior  ring,  cutting  off  a  segment 
of  that  ring,  which  will  be  seen  above  the  horizon. 

The  position  of  the  ring  thus  viaible  above  the  horizon,  will  have 
the  appearance  of  a  lunar  segment. 

2856.  Appearance  at  lat  58''  32'  20".— If  the  observer  continue 
to  descend  to  a  lower  latitude,  the  ring  will  continue  to  rise  to  a 
greater  elevation,  and  the  interval  between  the  rings  will  become 
visible.  When  he  has  descended  to  the  lat  58''  32'  20"  his  horizon 
will  just  touch  the  outer  edge  of  the  inner  ring,  and  a  segment  of 
the  interval  between  the  rings  will  be  visible  under  the  arch  of  the 
outer  ring,  which  will  appear  projected  upon  the  southern  firma- 
ment 

The  outer  ring,  therefore,  is  presented  to  the  observer  in  this  case 
as  a  lunar  bow  spanning  the  southern  firmament  It  must  be  re- 
membered that  the  declinations  of  the  points  at  which  each  of  the 
edges  intersect  the  meridian  being  greater,  and  the  declination  of  the 
points  where  they  meet  the  horizon  less,  than  that  of  any  interme- 
diate points,  all  parallels  having  declinations  between  these  will  inter- 
sect the  edges  severally,  while  all  parallels  whose  declination  is  be* 
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yotid  these  limits  will  pass  altogether  above   jr  altogether  below 
them,  respectively,  as  the  case  may  be. 

2857.  Appearance  at  laL  47°  33' 51".  — When  the  observer 
has  desoeDded  to  this  latitude,  the  horizon  will  just  touch  the  inner 
edge  of  the  inner  ring,  cutting  off  a  segment  of  it,  of  which  the 
horizon  is  the  base,  the  outer  ring  appearing  as  a  bow  above  it,  as 
represented  in  fg.  783.    The  same  observation  as  to  the  varying 


Fig.  783. 

declination  of  the  edges  of  both  rings  will  be  applicable  in  this  as 
in  the  former  case,  and  certain  parallels  will  accordingly  intersect 
each  of  the  edges  of  the  rings,  and  others  will  be  entirely  covered 
by  them. 

2858.  Appearance  at  lower  latitudes,  —  In  descending  to  still 
lower  latitudes,  the  elevation  of  the  bow  formed  by  the  projection 
of  the  rings  increases  \  and  the  lower  ring,  which  hitherto  has  pre- 
sented itself  as  a  mere  segment,  having  the  horizon  as  a  base,  now 
assumes  the  form  of  a  bow,  inclosing  below  it  a  plane  segment  of 
the  firmament,  as  represented  in^.  784. 


Fig.  784. 

As  the  latitude  decreases,  the  amplitude  and  elevation  of  this 
bow  also  increase,  but  its  apparent  breadth  diminishes,  as  in  Jigt, 
785,  786,  787.  The  obliquity  of  its  several  edges  to  the  direotkm 
of  the  parallels  of  declination  still  continues;  and  it  is  consequently 
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still  inteneoted  by  them  at  every  point,  so  that  the  paralleb  whieh 
interlaoe  it  wUl  lie  alternately  above  and  belqw  its  edges  as  already 


Ilg.  78ft. 
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Fig.  787. 

described ;  some  parallels,  however,  lying  entirely  above  and  others 
entirely  below  it,  as  represented  in  fig,  788.  It  will  be  easy  to 
perceive  by  this,  without  rendering  the  diagrams  complicated  by 
multiplying  upon  them  the  arcs  of  the  parallels,  that  they  will  be 
curiously  interlaced  by  these  parallels,  which  will  pass  alternately 
above  and  below  the  rings,  being  at  one  place  covered  by  them,  and 
at  another  uncovered;  at  one  point  crossing  the  interval  between 
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the  ringS;,  and  at  another  lying  above  or  below  it;  some  pannek 
lying  entirely  above,  others  entirely  below,  either  ring,  while  some 


yj-^t^ 


may  be  altogether  covered  by  the  one  ring  or  the  other.  I  have 
ascertained,  by  an  investigation  of  the'  dimensions  and  fonn  of 
the  bow  in  different  latitudes,  that  the  only  latitudes  in  whi(h  a 
parallel  lies  altogether  within  the  interval  between  the  rings,  »re 
those  included  Mtween  the  latitudes  58^  and  56^.  At  all  other 
latitudes  of  the  planet  from  which  the  interval  between  the  rings  is 
visible,  the  parallels  which  pass  between  the  ring  will  lie  pvtly 
within  the  interval,  and  partly  above  or  below  it 

2859.  Occultatioru  of  ceUUial  dbjecU  hy  the  rings,  —  It  follows, 
from  all  this,  that,  in  general,  celestial  objects  arc  carried  by  their 
diurnal  motion  alternately  above  and  below  each  of  the  edges  of  the 
rings ;  and  if  a  parallel  intersects  all  the  edges,  which  happens  in 
many  cases,  then  the  object  in  such  a  parallel  will  rise  below  the 
rings,  will  pass  successively  under  them,  will  be  occulted  by  each 
of  them,  will  be  visible  in  crossing  the  interval  between  them,  and 
will  culminate  above  them ;  and  this  will  take  place  in  precisely  the 
same  manner,  and  at  precisely  the  same  altitudes  and  azimuths  E. 
and  W.  of  the  meridian,  so  that  such  an  object  will  be  occulted  four 
'times  by  the  rings  between  rising  and  setting;  that  is  to  say,  twice 
between  the  horizon  and  meridian  east  and  west  of  the  latter.  Id 
rising,  it  will  be  first  occulted  by  the  inner  ring,  then  passing  across 
the  interval  will  be  occulted  by  the  outer  ring,  after  which  it  will 
culminate  clear  of  the  rings ;  and  in  descending  on  the  west  towards 
the  horizon,  it  will  be  successively  occulted  by  the  outer  and  inner 
rings  in  the  same  manner  and  at  the  same  altitudes  as  it  was  oc- 
culted before  culmination,  and  will  finally  set  clear  of  the  rings. 
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When,  as  happens  in  some  cases,  the  parallel  which  comes  under 
these  conditions  falls  within  the  range  of  the  sun's  declination,  that 
is  to  say,  when  its  declination  is  less  than  26^  48'  40'',  the  sun,  at- 
taining this  particular  declination,  will  Bu£fer  four  such  eclipses  be- 
tween rising  and  setting, — ^two  before  and  two  afler  culmination. 

In  some  cases  a  parallel  of  declination  will  be  covered  by  the 
lower  ring  at  the  meridian,  but  will  be  clear  of  it  near  the  horizon. 
This  will  take  place  when  the  declination  of  the  parallel  is  greater 
than  that  of  the  points  where  the  lower  edge  of  the  ring  meets  the 
horizon,  and  less  than  that  of  the  point  where  it  meets  the  me- 
ridian. In  that  case,  an  object  in  such  a  parallel  will  rise  and  set 
dear  of  the  ring,  but  will  be  occulted  by  it  at  culmination.  Such 
an  object^  thereforei  will  be  occulted  only  once  between  rising  and 
setting. 

An  object  may  in  like  manner  be  occulted  at  or  a  little  above  the 
horizon  by  the  inner  ring,  and  may  culminate  in  the  interval,  or  it 
may,  after  being  occulted  by  the  inner  ring,  pass  under  the  outer 
rinff  and  culminate  occulted  by  it. 

In  fine,  all  these  various  phenomena,  and  many  others  too  nume- 
rous and  complicated  to  be  explained  here,  are  manifested  in  the 
Satumian  firmament,  and  the  sun  itself  is  subject  to  most  of  them. 
It  happens,  in  some  cases,  that  a  certain  number  of  parallels  of  de- 
clination are  entirely  covered  by  the  outer,  and  others  by  the  inner 
ring ;  and  when  the  sun  is  found  at  any  one  of  these  parallels  it  will 
be  eclipsed  constantly  from  rising  to  setting  by  one  or  the  other 
ring. 

2860.  Zone  visible  between  the  rings.  —  The  zone  of  the  heavens 
visible  between  the  rings  is  found  by  calculating  the  visual  angle 
subtended  at  the  station  of  the  observer  by  lines  drawn  to  the  inner 
edge  of  the  outer  and  to  the  outer  edge  of  the  inner  ring,  supposing 
that  the  thickness  of  the  outer  ring  bears  an  inconsiderable  propor- 
tion to  the  width  of  the  space  which  separates  them ;  and  it  is 
evident  that  the  magnitude  of  this  visual  an^le  will  gradually  and 
indefinitely  decrease  as  the  observer  approaches  the  equator,  inas- 
much as  the  obliquity  of  the  visual  ray  to  the  plane  of  the  rings 
indefinitely  increases. 

2861.  JSffect  of  the  thickness  of  the  rings  on  this  zone, — If,  how- 
ever, the  thickness  of  the  outer  ring  be  supposed  to  bear  any  con- 
siderable ratio  to  the  width  of  the  space  between  the  rings,  it  will 
intercept  a  portion  of  the  visual  rays  included  within  the  angle 
formed  by  the  rays  drawn  to  the  edges  of  the  two  rings,  and  the 
effective  opening  will  be  found  by  subtractiog  the  visual  angle  sub- 
tended by  the  thickness  of  the  outer  ring  from  the  visual  angle  sub- 
tended by  the  space  between  the  rings ;  and  since  the  obliquity  of 
the  visual  rays  bounding  the  former  gradually  diminish.:,  in  ap- 
proaching the  equator,  while  the  obliquity  of  the  visual  ru .:'  bound- 
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ing  iho  latter  gradually  increase?,  it  is  evident  that  the  visual  angle 
subtended  by  the  thickness  of  the  outer  ring  continually  increasing 
mWy  at  some  certain  latitude,  become  equal  to  the  visual  angle  sub- 
tended by  the  space  between  the  rings ;  and  at  that  latitude  aooord- 
ingly,  as  well  as  at  all  inferior  latitudes,  the  thickness  of  the  outer 
ring  will  altogether  intercept  the  opening,  and  no  zone  of  the 
heavens  will  ha  visible  through  it.  I  have  found  by  calculatioiiy 
that  if  250  miles  be  admitted  aa  the  major  limit  of  the  rings,  all 
view  of  the  heavens  through  the  opening  will  be  intercepted  at  lati- 
tudes below  8° ;  and  if  the  probable  minor  limit  of  150  miles  be 
assumed,  all  view  will  be  intercepted  at  and  below  the  latitude  of  5^. 
2862.  Solar  ecUp&es  hy  the  rings.  —  The  principles  upon  which 
solar  eclipses  by  the  rings  in  each  latitude  are  calculated  are,  there- 
fore, easily  understood.  By  comparing  the  parallel  of  declinatioo 
of  the  sun  at  any  time  with  the  parallels  of  declination  of  the  points 
where  each  of  the  edges  of  each  of  the  rings  meets  the  horizon  and 
the  meridian,  the  conditions  under  which  it  will  intersect  the  edges 
severally  will  be  determined,  and  hence  it  will  appear  that  a  most 
curious  and  interesting  body  of  solar  phenomena,  not  anticipated  in 
any  of  the  works  in  which  the  uranography  of  Saturn  has  been  in- 
vestigated, are  brought  to  light.  In  the  lower  latitudes  the  sun  un- 
dergoes at  certain  epochs  four  eclipses  per  day,  two  in  the  forenoon 
and  two  in  the  afternoon,  and  between  each  pair  of  eclipses  is  seen 
shining  through  the  space  between  the  rings.  In  higher  latitudes, 
at  certain  seasons,  it  does  not  emerge  from  one  or  other  of  the 
rings,  and  suffers  only  three  eclipses,  two  by  one  ring  and  one  by 
the  other.  At  other  latitudes,  at  certain  times,  it  is  only  eclipsed 
at  rising  and  setting,  and  at  others  only  in  culminating. 

Our  limits,  however,  preclude  us  from  giving  these  details,  and 
others  not  less  curious,  for  which  the  reader  is  referred  to  the  paper 
already  mentioned. 

2863.  Ikltj[>ses  of  (he  tatellites.  —  The  inner  satellites  being  in 

the  plane  of  the  rings,  they 
will  necessarily  be  pro- 
jected on  a  zone  of  the 
heavens  outi«ide  the  ex- 
terior ring,  and  can  never 
be  intercepted  or  eclipsed 
by  the  rings  (fg.  789). 

The  eighth  satellite, 
however,  whose  orbit  has 
an  obliquity  of  12**  or  13*^ 
to  the  plane  of  the  rings, 
will  be  eclipsed  at  those 
latitudes  at  which  the  edges  of  the  rings  have  declinations  less  than 
those  which  it  attains.     These  eclipses  are  calculated  and  explained 


Fig.  789. 
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on  the  same  principles  exactly  as  those  of  the  snn,  mutatis  mtt- 
tandis, 

2864.  Satumian  secuons.  —  It  has  been  shown  (2795)  that  the 
axis  of  the  planet  is  inclined  to  the  plane  of  its  orbit  at  an  angle  of 
26^  48'  40",  and  is,  like  the  axis  of  the  earth,  carried  parallel  to 
itself  round  the  sun.  The  obliquity  therefore  which,  so  far  as  the 
snn  is  concerned,  determines  the  extremes  of  the  Saturn ian  seasons, 
differs  by  no  more  than  3^  from  that  of  the  ecliptic.  The  tropics 
are  parallels  of  latitude  26^  48'  40"  north  and  south  of  the  equa- 
tor. The  parallels  within  which  the  sun  remains  in  winter  below 
the  horizon  during  one  or  more  revolutions  of  the  planet  are  at  the 
latitude  63^  11'  20".  These  circles,  therefore,  affect  the  Satumian 
climatology  in  the  same  manner  as  the  tropics  and  polar  circles 
affect  that  of  the  earth.  The  slow  motion  of  the  sun  in  longitude, 
and  its  rapid  diurnal  motion,  however,  must  produce  important 
differences  in  its  effects  as  compared  with  those  manifested  on  the 
earth.  While  the  snn,  as  seen  from  the  earth,  changes  its  longitude 
at  the  mean  rate  of  very  nearly  1^  per  day,  its  change  of  lonfi;itude 
for  Saturn  is  little  more  than  2'  per  day ;  and  while,  as  seen  in  the 
terrestrial  firmament,  it  is  carried  by  the  diurnal  motion  over  1^  in 
four  minutes,  a  Satumian  observer  sees  it  move  over  the  same  space 
in  less  than  two  minutes.  If  the  heating  and  illuminating  po^er 
of  the  sun  be  diminished  in  a  high  ratio  by  the  greater  distance  of 
that  luminary,  some  compensation  may  perhaps  arise  from  the  rapid 
alternations  of  light  and  darkness. 

ni.    U&ANUS. 

2865.  Ditcovery, — While  occupied  in  one  ot  his  surveys  of  the 
heavens  on  the  night  of  the  13th  of  March,  1781,  the  attention  of 
Sir  William  Herschel  was  attracted  by  an  object  which  he  did  not 
find  registered  in  the  catalogue  of  stars,  and  which  presented  in 
the  telescope  an  appearance  obviously  different  from  that  of  a  fixed 
star.  On  viewing  it  with  increased  magnifying  powers,  it  presented 
a  sensible  disk )  and  after  the  lapse  of  some  days,  its  place  among 
the  fixed  stars  was  changed.  This  object  must,  therefore,  be  either 
a  comet  or  a  planet ;  and  Sir  W.  Herschel,  in  the  first  instance, 
announced  it  as  the  former.  When,  however,  submitted  to  further 
and  more  continued  observation,  it  was  found  to  move  in  an  orbit 
nearly  circular,  inclined  at  a  small  angle  to  the  plane  of  the  ecliptic, 
and  to  have  a  disk  sensibly  circular. 

It  appeared,  therefore,  to  have  the  characters,  not  of  a  comet,  but 
a  planet  revolving  outside  the  orbit  of  Saturn.  It  was  named  the 
*'  Ocorgium  Sidua"  by  Sir  W.  Herschel,  in  compliment  to  his  friend 
and  patron  George  III.  This  name  not  being  accepted  by  foreign 
astronomers,  that  of  ^^  Herschel "  was  proposed  by  LaplacC;  and  to 
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some  extent  for  a  time  adopted.  Definitivelj,  however,  the  Bcien* 
tific  world  has  agreed  upon  the  name  "UnnnB,"  hj  which  thin 
member  of  the  system  is  now  universally  designated. 

2866.  Period,  by  synodic  motion,  —  Owing  to  the  great  length 
of  the  period  of  this  planet,  those  methods  of  determination  which 
require  the  observation  of  one  or  more  complete  revolutions  could 
not  be  applied  to  it.  The  synodic  period,  however,  or  the  interval 
between  two  successive  oppositions,  being  only  369-4  days,  supplied 
a  means  of  obtaining  a  first  approximation.     This  gives 

p  "366-25      369-40  ""30643'  ' 

which  gives  a  period  of  30,643  days. 

2867.  By  the  apparent  motion  in  quadrature,  —  When  a  planet 
is  in  quadrature,  its  visual  direction  l)eing  a  tangent  to  the  earth's 
orbit,  its  apparent  place  is  not  afiected  by  the  earth's  orbital  motion. 
In  the  quadrature  which  precedes  opposition,  the  earth  moves 
directly  towards  the  planet;  and  in  the  quadrature  which  follows 
opposition,  it  moves  directly  from  the  planet  In  neither  case, 
therefore,  would  its  motion  produce  any  apparent  change  of  place 
in  the  planet.  It  follows,  therefore,  that  when  a  planet  is  in  quad- 
rature, its  apparent  motion  is  due  exclusively  to  its  own  motion, 
and  not  at  all  to  that  of  the  earth.  The  daily  motion  of  the  planet 
as  then  observed  is,  therefore,  the  actual  daily  increment  of  its  geo- 
centric longitude. 

But  in  the  case  of  a  planet  such  as  Uranus,  or  even  Saturn, 
whose  distance  from  the  sun  bears  a  large  ratio  to  the  earth's  dis- 
tance, the  geocentric  motion  of  the  planet  will  not  differ  sensibly 
from  the  heliocentric  motion ;  and,  therefore,  the  geocentric  daily 
increment  of  the  planet's  longitude  observed  when  in  quadrature 
may,  to  obtain  an  approximative  value  of  the  period,  be  taken  as 
the  daily  increment  of  the  heliocentric  longitude.  If  this  incre- 
ment be  expressed  by  l,  we  shall  have 

360** 
^=— • 

Now,  it  is  found  that  the  apparent  daily  increment  of  the  planet's 
longitude  when  in  quadrature  is  42"*23.  If  360^  be  rejiuced  to 
seconds  we  shall  then  have 

1296000  _  . 

' 4F23 ^^^^^- 

By  more  accurate  calculation,  the  periodic  time  has  been  determined 
at  30,686-82  days,  or  84  years. 

2868.  Heliocentric  motion. — The  mean  heliocentric  motion  of 
the  planet  is  therefore,  more  exactly. 
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^  =  4-17'8"-6yearl,j 

.^1^=  21' 25''-7  monthly; 

1296000      ^^„„„  ,  ., 
-gggg^  =  42«-288d«l,. 

2S69.  Synodic  motion,  —  The  mean  daily  apparent  motion  of 
the  Ban  being  0^*9856,  or  8548" -16,  the  mean  daily  synodic  motion 
or  increment  of  elongation  of  Uranus  will  be 

364816— 42"-23  =  3505"-93  =  58'-43  =  0*»-975. 

The  synodic  period  is  therefore;  more  exactly, 

|§^^  =  869  23dayB. 

The  earth,  therefore,  in  4}  days  overtakes  the  planet,  after  com- 
pleting each  sidereal  revolution. 

2870.  Distance,  —  The  mean  distance  r  of  the  planet  from  the 
san^  determined  by  the  harmonic  law,  is  therefore 

t'=84»  =  7056, 
r  =  1918. 

The  meui  distance  is  therefore  19-18  times  that  of  the  earth;  and, 
ooDseqnently,  the  actual  distance  is 

95,000,000  X 1918  =  1,822,100,000  miles. 

The  distance  of  Uranus  from  the  sun  is  therefore  1822  millions  of 
miles,  and  ito  distance  from  the  earth,  when  in  opposition,  is  there- 
fore 1727  millions  of  miles. 

The  eccentricity  of  the  orbit  of  Uranns  being  0*046,  these  distances 
are  liable  to  only  a  Yery  small  variation.  The  distance  from  the 
snn  is  increased  in  aphelion,  and  diminished  in  perihelion  by  less 
than  a  twentieth  of  its  entire  amount  The  plane  of  the  orbit  coin- 
cides very  nearly  with  that  of  the  ecliptic. 

2871.  Relative  orbit  and  distance  from  the  earth, — ^The  relative 
proportions  of  the  orbits  of  Uranus  and  the  earth  are  represented  in 
fig,  790,  where  s  x'  x''  is  the  orbit  of  the  earth,  and  s  u  the  distance 
of  Uranus  from  the  sun.  The  four  positions  of  the  earth,  corre- 
sponding to  the.  opposition,  conjunction,  and  quadratures  of  the 
pUnet,  are  represented  as  in  the  former  cases. 

2872.  Annual  paraliax,  —  Since  su  is  19*18  times  sx,  we  shall 
haye  for  the  angle 

^      S7*>-30      „^ 
"^=l9l8-  =  »- 
33* 
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Fig.  790. 


The  diameter  of  the  earth's  orbit,  measaring  as  it  does 
nearly  200  millions  of  miles,  therefore  subtends,  at 
Uranns,  a  visual  angle  of  only  6° ;  and  a  elobe  which 
would  fill  it,  seen  fi^m  the  planet,  would  have  an  ap- 
parent diameter  only  twelve  times  greater  than  that 
of  the  moon. 

2878.  Vast  icah  of  the  orbital  moHon.  ^The  ^B- 
tanoe  of  Uranus  firom  the  sun  beins  above  nineteen 
times  that  of  the  earth,  and  the  eart£  being  at  such  a 
distance  that  light,  moving  at  the  rate  of  nearly 
200,000  miles  per  second,  takes  about  eisht  minutes 
to  come  from  the  sun  to  the  Q^rth ;  it  foUows  that  it 
will  take  19  X  8  =  152  minutes,  or  two  hours  and  a 
half,  to  move  from  the  sun  to  Uranus.  Sunrise  and 
suDset  are,  therefore,  not  perceived  by  the  inhabitants 
of  that  planet  for  two  hours  and  a  half  after  they 
really  take  place ;  for  the  sun  does  not  appear  to  rise 
or  set  until  the  light  moving  from  it,  at  the  moment 
it  touches  the  plane  of  the  horizon,  reaches  the  eye  of 
the  observer. 

The  diameter  of  the  orbit  of  Uranus  measuring,  in 
round  numbers,  3600  millions  of  miles,  its  circum- 
ference measures  11,300  millions  of  miles,  over  which 
the  planet  moves  in  30,687  days.  Its  mean  daily 
motion  is  therefore  368,000  miles,  and  its  hourly  mo- 
tion, consequently,  about  15,300  miles. 

2874.  Apparent  and  real  diameters,  — The  appa^ 
rent  diameter  of  Uranus  in  opposition  exceeds  4"  by  a 
small  fraction.  At  the  distance  of  the  planet  from 
the  earth,  in  that  position,  the  linear  value  of  I''  ia 

1757000000   o,^,  ., 

=  8421  miles  \ 


206265 
The  actual  diameter  of  the  planet  is  therefore 

8421  X  41  =34,626  miles; 
being  about  half  that  of  Saturn,  and  a  little  more  than  4)  times 
that  of  the  earth. 

2875.  Surfa^  and  volume. — ^The  surface  of  Uranus  is  therefore 
19  times,  and  its  volume  82  times,  that  of  the  earth. 

2876.  Diurnal  rotation  and  physical  character  of  surface  trfioa- 
certained,  —  The  vast  distance  of  this  planet,  and  its  x)DsequeDt 
small  apparent  magnitude  and  faint  illumination,  have  rendered  it 
hitherto  impracticable  to  discover  any  indications  of  its  diurnal  rota- 
don,  the  existence  of  an  atmosphere,  or  any  of  the  physical  charac- 
ters which  the  telescope  has  disclosed  in  the  case  of  the  nearer  of 
the  great  planets. 
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2877.  Solar  ligJU  and  heai. — The  apparent  diameter  of  the  san, 

as  seen  from  Uranus,  is  less  than  as 

I  seen  from  the  earth  in  the  ratio  of 
1  to  19.  The  magnitude  of  the 
sun's  disk  at  the  earth  being  sup- 
posed to  be  represented  bj  e,  fy. 
791,  its  magnitude  seen  from  UranoB 

I  would  be  u. 

The  illuminating  and  wanning 
power  of  the  solar  rajs,  under  the 
same  physical  conditions^  are  there- 
fore 19'  =  861  times  less  at  Uranus 
than  at  the  earth. 


Pig.791. 


2878.  Suspected  rings,  —  It  was  at  one  time  suspected  by  Sir 
W.  Herschel  that  this  planet  was  surrounded  by  two  systems  of 
rings  with  planes  at  right  angles  to  each  other.  Subsequent  obser- 
vation has  not  realised  this  conjecture. 

2879.  Satellites,  — It  has  been  ascertained  that  Uranus,  like  the 
other  major  planets,  is  attended  by  a  system  of  satellites,  the  num- 
ber of  which  is  not  yet  certainly  determined,  and  which,  from,  the 
great  remoteness  of  the  Uranian  system,  cannot  be  seen  at  all 
except  by  the  aid  of  the  most  perfect  and  powerful  telescopes. 

Sir  W.  Herschel,  soon  after  discovering  this  planet,  announced 
the  existence  of  a  system  of  six  satellites  attending  it,  haying  the 
periods  and  distances  expressed  in  the  following  Table :— 


Order. 

Period. 

DittucMin 

MBi-dUnetOT*  of 

UnwiM. 

D.            H.            M.            S. 

4            ? 

8           16         M         81-8 
10          23         r 
18           11           7         12-6 
88           2         r 
07          12         r 

? 
17-0 

22-8 
45-6? 

01-0  r 

Subsequent  observations  have  confirmed  this  discovery  so  far  only 
as  relates  to  the  four  inner  satellites.  The  fifth  and  sixth  not 
having  been  re-observed,  notwithstanding  the  vast  improvement 
which  has  taken  place  in  the  construction  of  telescopes,  and  the 
greatly  multiplied  number  and  increased  activity  and  zeal  of  ob- 
servers, must  be  considered,  to  say  the  least,  as  problematical. 

Of  the  four  which  have  been  re-observed,  the  second  and  fourth 
are  by  far  the  most  conspicuous,  and  their  distances  and  periods 
have  been  ascertained  with  all  desirable  accuracy  and  certainty. 
The  first  was  re-observed  by  Mr.  Lassell  at  Liverpool,  and  by  M. 
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Otto  Struve  at  Dorpat,  in  1847.     The  fourtk  was  observed  afaont 
the  same  time  by  Mr.  Lassell. 

2880.  Anomalous  inclination  of  their  orbits.  —  Ooatrary  to  the 
law  which  prevails  without  any  other  exoeption  in  the  motions  of 
the  bodies  of  the  soUr  efystem,  the  orbits  of  the  satellites  of  Uranus 
are  inclined  to  the  plane  of  the  orbit  of  the  planet,  and  therefore 
to  that  of  the  ecliptic,  at  an  angle  of  78^  58',  being  little  less  than 
a  right  angle,  and  their  motions  in  these  orbits  are  retrograde ; 
that  is  to  say,  their  longitudes  as  seen  from  Uranus  oontinaallj 
decrease. 

When  the  earth  has  such  a  position  that  the  visual  direction  is  at 
right  angles  to  the  line  of  nodes,  the  angle  under  the  plane  of  the 
omt  and  the  visual  line  vrill  be  78^  58' ;  and  in  certain  positions 
of  the  planet  they  will  be  seen,  as  it  were,  in  plan.  Being  nearly 
circular,  the  satellites  will  in  such  a  position  be  visible  revolving 
round  the  primary  throughout  their  entire  orbits,  the  projections  not 
sensibly  differing  from  circles. 

2881.  Apparent  motion  and  phases  as  seen  from  Uranus, — ^The 
diurnal  rotation  and  the  direction  of  the  axis  of  the  planet  being 
unascertained,  the  inclination  of  the  orbits  to  the  planef  s  equator  ia 
consequently  unknown.  It  appears,  however,  that  all  the  orbits 
have  the  same  line  of  nodes,  and  are  in  a  common  plane,  or  nearly 
so.  Twice  in  each  revolution  of  the  planet  this  plane  passes 
through  the  sun,  when  the  satellites  exhibit  the  same  succession  of 
phases  to  the  planet  as  the  moon  presents  to  the  earth,  except  so  far 
as  they  are  modified  by  the  effects  of  the  diurnal  parallax,  which 
are  considerable,  especially  in  the  case  of  the  nearer  satellites. 

Twice  in  each  revolution  of  the  planet,  at  epochs  exactly  inter- 
mediate between  the  former,  the  line  of  nodes  being  at  right  angles 
to  the  line  joiniog  the  sun  and  planet,  the  plane  of  the  satellites' 
orbits  is  nearly  perpendicular  to  the  same  line.  In  this  case  the 
satellites,  during  their  entire  revolution,  suffer  no  other  change  of 
phase  than  what  may  be  produced  by  Uie  diurnal  parallax,  and  ap- 
pear continually  with  the  same  phases  as  that  which  the  moon  pre- 
sents at  the  quarters. 

In  the  intermediate  position  of  the  planet  a  complicated  variety 
of  phases  will  be  presented,  which  may  bo  traced  and  analysed  by 
giving  due  attention  to  the  change  of  direction  of  the  line  of  nodes 
of  the  satellites'  orbits  to  the  line  joining  the  planet  with  the  sun. 

2882.  Mass  and  density  of  Uranus.  —  Some  uncertainty  still 
attends  the  determination  of  the  elements  of  those  more  distant  and 
recently  discovered  planets.  The  mass  and  density  of  Uranus  are 
only  provisionally  determined.  The  mass  is  assumed  to  be  the 
24,900th  part  of  that  of  the  sun,  and  the  density  the  sixth  of  that 
of  the  earth. 
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IV.  Neptune. 

2883.  Dtscovery  of  Neptune.  — The  discovery  of  this  planet  con- 
stitutes one  of  the  most  signal  triumphs  of  mathematical  science, 
and  marks  an  era  which  must  be  for  ever  memorable  in  the  history 
of  physical  investigation. 

If  the  planets  were  subject  only  to  the  attraction  of  the  sun,  they 
would  revolve  in  exact  ellipses,  of  which  the  sun  would  be  the  com- 
mon focus ;  but  being  also  subject  to  the  attraction  of  each  other, 
which,  though  incomparably  more  feeble  than  that  of  the  presiding 
central  mass,  produces  sensible  and  measurable  effects,  consequent 
deviations  from  these  elliptic  paths,  called  perturbations,  take 
place,  which  will  be  more  fully  explained  in  a  subsequent  chapter. 
The  masses  and  relative  motions  of  the  planets  being  known,  these 
disturbances  can  be  ascertained  with  such  accuracy  that  the  position 
of  any  known  planet  at  any  epoch,  past  or  future,  can  be  determined 
with  the  most  surprising  degree  of  precbion. 

If,  therefore,  it  should  be  found,  that  the  motion  which  a  planet 
i4  observed  to  have  is  not  in  accordance  with  that  which  it  ought  to 
have,  subject  to  the  central  attraction  of  the  sun,  and  the  disturbing 
actions  of  the  surrounding  planets,  it  must  be  inferred  that  some 
other  disturbing  attraction  acts  upon  it,  proceeding  from  an  undis- 
covered cause ;  and,  in  this  case,  a  problem  novel  in  its  form  and 
data,  and  beset  with  difficulties  which  might  well  appear  insuperable, 
is  presented  to  the  physical  astronomer.  If  the  solution  of  the  pro- 
blem, to  determine  the  disturbances  produced  upon  the  orbit  of  a 
planet  by  another  planet,  whose  mass  and  motions  arc  known,  be 
regarded  as  a  stupendous  achievement  in  physical  and  mathematical 
science,  how  much  more  formidable  must  not  the  converse  question 
be  regarded,  in  which  the  disturbances  are  given  to  find  the  planet  I 

Such  was,  nevertheless,  the  problem  of  which  the  discovery  of 
Neptune  has  been  the  astonishing  solution. 

Although  no  exposition  of  the  actual  process  by  which  this  great 
intellectuid  achievement  has  been  effected,  could  be  comprehended 
without  the  possession  of  an  amount  of  mathematical  knowledge  far 
exceeding  that  which  is  expected  from  the  readers  of  treatises  much 
less  elementary  than  the  present  volume,  we  may  not  be  altogether 
unsuccessful  in  attempting  to  illustrate  the  principle  on  which  an 
investigation,  attended  witn  so  surprising  a  result,  has  been  based, 
and  even  the  method  upon  which  it  has  been  conducted,  so  as  to 
strip  the  proceeding  of  much  of  that  incomprehensible  character 
which,  in  the  view  of  the  great  mass  of  those  who  consider  it  without 
being  able  to  follow  the  steps  of  the  actual  investigation,  is  generally 
attached  to  it,  and  to  show  at  least  the  spirit  of  the  reasoning  by 
which  the  solution  of  the  problem  has  been  accomplished. 

For  this  purpose,  it  will  be  necessary,  first^  to  explain  the  nature 
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and  cbaracter  of  those  disturbances  which  were  observed  and  which 
could  not  be  ascribed  to  the  attraction  of  any  of  the  known  planets ; 
and,  secondly/,  to  show  in  what  mannef  an  undiscovered  planet  re- 
volving outside  the  known  limits  of  the  solar  system  could  produce 
such  effects. 

2884.  Unexplained  disturbances  observed  in  the  motion  of 
Uranus.  —  The  planet  Uranus,  revolving  at  the  extreme  limits  of 
the  solar  system,  was  the  object  in  which  were  observed  those  dis- 
turbances which,  not  being  the  effects  of  the  action  of  any  of  the 
known  planets,  raised  the  question  of  the  possible  existence  of  another 
planet  exterior  to  it,  which  might  produce  them.    ' 

After  the  discovery  of  the  planet  by  Sir  W.  Herschel,  in  1781, 
its  motions,  being  regularly  observed,  supplied  the  data  by  which  its 
elliptic  orbit  was  calculated,  and  the  disturbances  produced  upon  it 
by  the  masses  of  Jupiter  and  Saturn  ascertained ;  the  other  planets 
of  the  system,  by  reason  of  their  remoteness,  and  the  comparative 
minuteness  of  their  masses,  not  producing  any  sensible  effects. 
Tables  founded  on  these  results  were  computed,  and  ephemerides 
constructed,  in  which  the  places  at  which  the  planet  ought  to  be 
found  from  day  to  day  for  the  future  were  duly  registered. 

The  same  kind  of  calculations  which  enabled  the  astronomer  thus 
to  predict  the  future  places  of  the  planet,  would,  as  is  evident, 
equally  enable  him  to  ascertain  the  places  which  had  been  occupied 
by  the  planet  in  times  past.  By  thus  examining,  retrospectively, 
the  apparent  course  of  the  planet  over  the  firmament,  and  comparing 
its  computed  places  at  particular  epochs  with  those  of  stars  which 
had  been  observed,  and  which  had  subsequently  disappeared,  it  was 
ascertained  that  several  of  these  stars  had  in  fact  been  Uranus  itself, 
whose  planetary  character  had  not  been  recognised  from  its  appear- 
ance, owing  to  the  imperfection  of  the  telescopes  then  in  use,  nor 
from  its  apparent  motion,  owing  to  the  observations  not  having  been 
sufficiently  continuous  and  multiplied. 

In  this  way  it  was  ascertained,  that  Uranus  had  been  observed, 
and  its  position  recorded  as  a  fixed  star,  six  times  by  Flamstead ; 
viz.,  once  in  1690,  once  in  1712,  and  four  times  in  1716; — once 
by  Bradley  in  1753,  once  by  Mayer  in  1756,  and  twelve  times  by 
lieraonnier  between  1750  and  1771. 

Now  although  the  observed  positions  of  these  objects,  combined 
with  their  subsequent  disappearance,  left  no  doubt  whatever  of  their 
Identity  with  the  planet,  their  observed  places  deviated  sensibly 
from  the  places  which  the  planet  ought  to  have  had  according  to 
the  computations  founded  upon  its  motions  after  its  discovery  in 
1781.  If  these  deviations  could  have  been  shown  to  be  irregular 
and  governed  by  no  law,  they  would  be  ascribed  to  errors  of  obser- 
vation. If,  on  the  other  hand,  they  were  found  to  follow  a  regular 
eourse  of  increase  and  decrease  in  determinate  directions,  they  would 
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be  aocribed  to  the  ageooy  of  some  nndiscovered  disturbing  oanse, 
wbose  action  at  the  epochs  of  the  ancient  observations  was  different 
from  its  action  at  more  recent  periods. 

The  ancient  observations  were,  however,  too  limited  in  number 
and  too  discontinuoas  to  demonstrate  in  a  satisfactory  manner  the 
irregnlaritj  or  the  regularity  of  the  deviation.  Nevertheless,  the 
cireumstanoe  raised  much  doubt  and  misgiving  in  the  mind  of 
Bouvard,  by  whom  the  tables  of  Uranus,  based  upon  the  modern 
observations,  were  constructed ;  and  he  stated  that  he  would  leave 
to  futurity  the  decision  of  the  question  whether  these  deviations 
were  due  to  errors  of  observation,  or  to  an  undiscovered  disturbing 
agent.  We  shall  presently  be  enabled  to  appreciate  the  sagacity 
of  this  reserve. 

The  motions  of  the  planet  continued  to  be  assiduously  observed, 
and  were  found  to  be  in  accordance  with  the  tables  for  about  four- 
teen years  from  the  date  of  the  discovery  of  the  planet.  About  the 
year  1795,  a  slight  discordance  between  the  tabular  and  observed 
places  began  to  be  manifested,  the  latter  being  a  little  in  advance 
of  the  former,  so  that  the  observed  longitude  L  of  the  planet  was 
greater  than  the  tabular  longitude  if.  After  this,  from  year  to  year, 
the  advance  of  the  observed  upon  the  tabular  place  increased,  so 
that  the  excess  l  —  l'  of  the  observed  above  the  tebular  longitude 
was  continually  augmented.  This  increase  of  L  —  i/  continued  until 
1822,  when  it  became  stationary,  and  afterwards  began  to  decrease. 
This  decrease  continued  until  about  1830-31,  when  the  deviation 
L  —  l/  disappeared,  aud  the  tabular  and  observed  longitudes  again 
agreed.  This  accordance,  however,  did  not  long  prevail.  The 
planet  soon  began  to  fall  behind  its  tabular  place,  so  that  its  ob- 
served longitude  l,  which  before  1831  was  greater  than  the  tabular 
longitude  l',  was  now  less;  and  the  distance  l'  —  L  of  the  observed 
behind  the  tabular  place  increased  from  year  to  year,  and  still 
increases. 

It  appears,  therefore,  that  in  the  deviations  of  the  planet  from  its 
computed  place,  there  was  nothing  irregular  and  nothing  compatible 
with  the  supposition  of  any  cause  depending  on  the  accidental 
errors  of  observation.  The  deviation,  on  the  contrary,  increased 
gradually  in  a  certain  direction  to  a  certein  point;  and  having 
attained  a  maximum,  then  began  to  decrease,  which  decrease  still 
continues. 

The  phenomena  must,  therefore,  be  ascribed  to  the  regular  agency 
of  some  undiscovered  disturbing  cause. 

2885.  A  planet  exterior  to  Uranus  toould  produce  a  like  effect 
—  It  is  not  difficult  to  demonstrate  that  deviations  from  its  com- 
puted place,  such  as  those  described  above,  would  be  produced  by  a 
planet  revolving  in  an  orbit  having  the  same  or  nearly  the  same 
plane  as  that  of  Uranus,  which  would  be  in  heliocentric  conjunction 
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with  that  planet  at  the  epoch  at  which  its  advance  bejond  its 

puted  place  attained  its  maximum. 

Let  A  B  0  D  E  F,  fig,  792,  represent  the  arc  of  the  orbit  of  Uranna 

described  by  the  planet  during  the  manifestation  of  the  perturba- 
tions. Let  N  n'  represent  the 
orbit  of  the  supposed  undisoo- 
yered  planet  in  the  same  plane 
with  the  orbit  of  Uranus.  Let 
a,  hy  Cy  d,  e,  andy^  be  the  positions 
of  the  latter  when  Uranus  is  at 
the  points  A,  b,  o,  d,  e,  and  f. 
It  is,  therefore,  supposed  that 
Uranus  when  at  D  is  in  helio- 
centric conjunction  with  the  sup- 
posed planet,  the  latter  being 
then  at  d. 

The  directions  of  the  orbital 
motions  of  the  two  planets  are 
indicated  by  the  arrows  beside 
their  paths;  and  the  directions 
of  the  disturbing  forces^  exer- 
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oised  by  the  supposed  planet  on  Uranus  are  indicated  by  the  arrows 
beside  the  lines  joining  that  planet  with  Uranus. 

Now,  it  will  be  quite  evident  that  the  attraction  exerted  by  the 
supposed  planet  at  a  on  Uranus  at  A  tends  to  accelerate  the  latter. 
In  like  manner,  the  forces  exerted  by  the  supposed  phinet  at  b  and 
c  upon  Uranus  at  b  and  o  tend  to  accelerate  it.  But  as  Uranus 
approaches  to  d,  the  direction  of  the  disturbing  force,  being  less  and 
less  inclined  to  that  of  the  orbital  motion,  has  a  less  and  less  accele- 
rating influence,  and  on  arriving  at  D,  the  disturbing  force  being  in 
the  direction  d  ^  at  right  angles  to  the  orbital  motion,  all  accelerating 
influence  ceases. 

After  passing  D  the  disturbing  force  is  inclined  agamsi  the  mo- 
tion, and  instead  of  accelerating  retards  it;  and  as  Uranus  takes 
successively  the  positions  E,  F,  oc.  it  is  more  and  more  inclined,  and 
its  retarding  influence  more  and  more  increased,  as  will  be  evident 
if  the  directions  of  the  retarding  force  and  the  orbital  motion,  as 
indicated  by  the  arrows,  be  observed. 

It  is  then  apparent,  that  from  A  to  D  the  disturbing  force,  accele- 
rating the  orbital  motion,  will  transfer  Uranus  to  a  position  in  ad- 
vance of  that  which  it  would  otherwise  have  occupied ;  and  aAer 
passing  D,  the  disturbing  force  retarding  the  planet's  motion  will 

*  To  simplify  the  explanation,  the  effect  of  the  attraction  of  Uranus  on 
the  sun  is  omittted  in  this  illustration.  In  the  chapter  on  Perturbations 
the  method  of  determining  the  exact  direction  of  the  disturbing  forco  will 
be  explained. 
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oontiniiallj  redaee  this  advance,  until  il  bring  back  the  pknet  to  the 
place  it  would  have  ooonpied  had  no  disturbing  force  acted ;  after 
which,  the  retardation  being  still  continued,  the  planet  will  fall  be- 
hind tiie  place  it  would  have  had  if  no  disturbing  force  had  acted 
upon  it. 

Now  it  is  evident  that  these  are  fvecisel j  the  kind  of  disturbing 
forces  which  act  upon  Uranus ;  and  it  may,  therefore,  be  inferred 
that  the  deviations  of  that  planet  from  its  computed  place  are  the 
phjfidcal  indications  of  the  presence  of  a  planet  exterior  to  it,  moving 
in  an  orbit  whose  plane  either  coincides  with  that  of  its  own  orbit 
or  is  inclined  to  it  at  a  very  small  angle,  and  whose  mass  and  dis- 
tance are  such  as  to  give  to  its  attraction  the  degree  of  intensity  ne- 
cessary to  produce  the  alternate  acceleration  and  retardation  which 
have  been  observed. 

Since,  however^  the  intensity  of  the  disturbing  force  depends 
conjointly  on  the  quantity  of  the  disturbing  mass  and  its  distance, 
it  is  easy  to  perceive  that  the  same  disturbance  may  arise  from  dif- 
ferent masses,  provided  that  their  distances  are  so  varied  as  to  com- 
pensate for  their  different  weights  or  quantities  of  matter.  A  double 
mass  at  a  fourfold  distance  will  exert  precisely  the  same  attraction. 
The  question,  therefore,  under  this  point  of  view,  belongs  to  the 
class  of  indeterminate  problems,  and  admits  of  an  infinite  number 
of  solutions.  In  other  words,  an  unlimited  variety  of  different 
planets  may  be  assigned  exterior  to  the  system  which  would  cause 
disturbances  observed  in  the  motion  of  Uranus,  so  nearly  similar  to 
those  observed  as  to  be  distinguishable  from  them  only  by  observa- 
tions more  extended  and  elaborate  than  any  to  which  that  planet 
could  possibly  have  been  submitted  since  its  discovery. 

2886.  Retearehes  of  Messrs.  Le  Verrier  and  Adams, — The  idea 
of  taking  these  departures  of  the  observed  from  the  computed  place 
of  Uranus  as  the  data  for  the  solution  of  the  problem  to  ascertain 
the  position  and  motion  of  the  planet  which  could  cause  such  devi- 
ations, occurred,  nearly  at  the  same  time,  to  two  astronomers,  neither 
of  whom  at  that  time  had  attained  either  the  age  or  the  scientifio 
standing  which  would  have  raised  the  expectations  of  achieving  the 
most  astonishing  discovery  of  modem  times. 

M.  Le  Verrier,  in  Paris,  and  Mr.  J.  C.  Adams,  Fellow  and  As- 
sistant Tutor  of  St.  John's  College,  Cambridge,  engaged  in  the  in- 
vestigation, each  without  the  knowledge  of  what  the  other  was  doing, 
and  believing  that  he  stood  alone  in  his  adventurous  and,  as  would 
then  have  appeared,  hopeless  attempt..  Nevertheless,  both  not  only 
solved  the  problem,  but  did  so  with  a  completeness  that  filled  the 
world  with  astonishment  and  admiration,  in  which  none  more  ar- 
dently shared  than  those  who,  from  their  own  attainments,  were  best 
qualified  to  appreciate  the  difficulties  of  the  question. 

The  question,  as  has  been  observed,  belonged  to  the  class  of  in* 

III.  34 


898  ASTRONOMY. 

determinate  problems.  An  infinite  number  of  different  planets 
might  be  assigned  which  would  be  equally  capable  of  producing  the 
observed  disturbances.  The  solution,  therefore,  might  be  theoreti- 
cally correct,  but  practically  unsuccessful.  To  strip  the  question  as 
far  as  possible  of  this  character,  certain  conditions  were  assumed, 
the  existence  of  which  might  be  regarded  as  in  the  highest  degree 
probable.  Thus,  it  was  assumed  that  the  disturbing  planet's  orbit 
was  in  or  nearly  in  the  plane  of  that  of  Uranus,  and  therefore  in 
that  of  the  ecliptic ;  that  its  motion  in  this  orbit  was  in  the  same 
direction  as  that  of  all  the  other  planets  of  the  system,  that  is,  ac- 
cording to  the  order  of  the  signs ;  that  the  orbit  was  an  ellipse  of 
very  small  eccentricity;  and,  in  fine,  that  its  mean  distance  from 
the  sun  was,  in  accordance  with  the  general  progression  of  distances 
noticed  by  Bode,  nearly  double  the  mean  distance  of  Uranus.  This 
last  condition,  combined  with  the  harmonic  law,  gave  the  inquirer 
the  advantage  of  the  knowledge  of  the  period,  and  therefore  of  the 
mean  heliocentric  motion. 

Assuming  all  these  conditions  as  provisional  data,  the  problem 
was  reduced  to  the  determination,  at  least  as  a  first  approzimatioOy 
of  the  mass  of  the  planet  and  its  place  in  its  orbit  at  a  given  epoch, 
such  as  would  be  capable  of  producing  the  observed  alternate  acce- 
leration and  retardation  of  Uranus. 

The  determination  of  the  heliocentric  place  of  the  planet  at  a 
given  epoch  would  have  been  materially  f&cilitated  if  the  exact  time 
at  which  the  amount  of  the  advance  (L  —  l')  of  the  observed  upon 
the  tabular  place  of  the  planet  had  attained  its  maximum  were 
known ;  but  this,  unfortunately,  did  not  admit  of  being  ascertained 
with  the  necessary  precision.  When  a  varying  quantity  attains  its 
maximum  state,  and,  after  increasing,  begins  to  diminish,  it  is  sta- 
tionary fer  a  short  interval ;  and  it  is  always  a  matter  of  difficulty, 
and  often  of  much  uncertainty,  to  determine  the  exact  moment  at 
which  the  increases  ceases  and  the  decrease  commences.  Although, 
therefore,  the  heliocentric  place  of  the  disturbing  planet  could  be 
nearly  assigned  about  1822,  it  could  not  be  determined  with  the 
desired  precision. 

Assuming,  however,  as  nearly  as  was  practicable,  the  longitude 
of  Uranus  at  the  moment  of  heliocentric  conjunction  with  the  dis- 
turbing planet,  this,  combined  with  the  mean  motion  of  the  sought 
planet,  inferred  from  its  period,  would  give  a  rough  approximation 
to  its  place  for  any  given  time. 

2887.  Elements  of  the  sotiglu  planet  assigned  by  these  geometers. 
—  Rough  approximations  were  not,  however,  what  MM.  Le  Verrier 
and  Adams  sought.  They  aimed  at  more  exact  results;  and,  after 
investigations  involving  all  the  resources  and  exhausting  all  the  vast 
powers  of  analysis,  these  eminent  geometers  arrived  at  the  following 
elements  of  the  undiscovered  planet :  — 
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UTfRtor. 

-- 

Spoeh  of  th«  elements 

Mean  longitude  at  the  epoch 

Eooentridty  of  the  orWt. ». 

1  Jan.  1847. 

818°     47'-4 

80>1589 
0-107610 
284©    46'-8 
000010727 

1  Jan.  184& 
8230  2' 
87-2474 
0-120615 
20OO  11' 
OHWlMOe 

Lonsitade  of  nerihellon - 

MaMrson— 1) 

2888.  Its  actual  discovery  hy  Dr.  GaUe  of  Berlin,  —  On  the 
23rd  of  September,  1846,  Dr.  Qalle,  one  of  the  astronomers  of  the 
Bojal  Observatory  at  Berlin,  received  a  letter  from  M.  Le  Yerrier, 
announcing  to  him  the  principal  results  of  his  calculations,  inform- 
ing him  that  the  longitude  of  the  sought  planet  must  then  be  826^, 
and  requesting  him  to  look  for  it.  Dr.  Galle,  assisted  by  Professor 
Enck^,  accordingly  did  ''  look  for  it,"  and  found  it  that  very  night 
It  appeared  as  a  star  of  the  8th  magnitude,  having  the  longitude 
of  326^  52',  and  consequently  only  52'  from  the  place  assigned  by 
M.  Le  Terrier.  The  calculations  of  Mr.  Adams,  reduced  to  the 
same  date,  gave  for  its  place  329^  19',  being  2''  27'  from  the  place 
where  it  was  actually  found. 

2889.  Its  predicted  and  observed  places  in  near  proodmity.'^ 
To  observe  the  relative  proximity  of  these  re- 
markable predictions  to  the  actual  observed  place, 
let  the  arc  of  the  ecliptic,  from  long.  323^  to 
long.  330'',  be  represented  in^^.  793.  The  place 
assigned  by  M.  Le  Yerrier  for  the  sought  planet 
is  indicated  by  the  small  circle  at  l,  that  assigned 
by  Mr.  Adams  by  the  small  circle  at  A,  and  the 
place  at  which  it  was  actually  found  by  the  dot 
at  N.  The  distances  of  l  and  a  from  n  may  be 
appreciated  by  the  circle  which  is  described  around 
the  dot  N,  and  which  represents  the  apparent  disk 
of  the  moon. 

The  distance  of  the  observed  place  of  the 
planet  from  the  place  predicted  by  M.  Le  Yerrier 
was  less  than  two  diameters,  and  from  that  pre- 
dicted by  Mr.  Adams  less  than  five  diameters,  of 
the  lunar  disk. 

2890.  Corrected  elements  of  the  'planers  orbit. 
—  In  obtaining  the  elements  given  above,  Mr. 
Adams  based  his  calculations  on  the  observations 
of  Uranus  made  up  to  1840,  while  the  calculations 
of  M.  Le  Yerrier  were  founded  on  observations 
continued  to  1845.  On  subsequently  taking  into 
Fig.  793.         oomputation   the  five   years    ending   1845,   Mr. 
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Adams  concluded  that  the  mean  distance  of  the  songkt  planet  would 
be  more  exactly  taken  at  83*33. 

After  the  planet  had  been  actually  discovered,  and  observatioofl 
of  sufficient  coDtiDuance  were  made  upon  it^  the  following  proved  to 
be  its  more  exact  clementa : — 


a«^ 

Epoch  of  the  elemmto 

Mmb  lonffttndA  ofAiioek^ 

1  Jan.  1847,  M.No(». 

s(H»0r. 

<HX)6nMS. 
47®    \V    •*•«. 
VKP    4f    W-VL 

164-6181  7Bai& 
20-18688. 

Mean  distance  firom  •nn  • ,.^»...^ 

■oiMiitxidtv  of  orbit 

LongltodedriMrUieUoD 

IndlBatloD  of  orUt 

Periodle  time  — 

2891.  DiKrepancies  hehoeen  the  actual  and  predicted  demeiUt 
explained, — ^Now  it  will  not  fail  to  strike  every  one  who  devotes  the 
le^st  attention  to  this  interesting  question,  that  considerable  discrep- 
ancies exist,  not  only  between  the  elements  presented  in  the  two 
proposed  solutions  of  this  problem,  but  between  the  actual  elements 
of  the  discovered  planet  and  both  of  these  solutions.  There  were 
not  wanting  some  who,  viewing  these  discordances,  did  not  hesitate 
to  declare  mat  the  discovery  of  the  planet  was  ihe  resnlt  of  chaneat, 
and  not,  as  was  claimed,  of  mathematical  reasonxnff,  flince^  in  fiicfc, 
the  planet  discovered  was  not  identical  with  either  of  the  two  planets 


To  draw  such  a  conclusion  from  such  premises,  however,  betrays 
a  total  misapprehension  of  the  nature  and  conditions  of  the  problem. 
If  the  problem  had  been  determinate,  and,  consequently,  one  whick 
admits  of  but  one  solution,  then  it  must  have  been  inferred,  either 
that  some  error  had  been  committed  in  the  calculations  which  caused 
the  discordance  between  the  observed  and  computed  elements,  or 
that  the  discovered  planet  was  not  that  which  was  souffht,  and  whieh 
was  the  physical  cause  of  the  observed  disturbances  of  Uranus.  But 
the  problem,  as  has  been  already  explained^  being  more  or  Jess  inde- 
terminate, admits  of  more  than  one, — nay,  of  an  indefinite  number 
of  difierent  solutions,  so  that  many  different  planets  might  be  assigned 
which  would  equally  produce  the  disturbances  which  had  been  ob- 
served; and  this  being  so,  the  discordance  between  the  two  sets  of 
predicted  elements,  and  between  both  of  them  and  the  actual  ek- 
ments,  are  nothing  more  than  might  have  been  anticipated,  and 
which,  except  by  a  chance  against  which  the  probabilities  were 
millions  to  one,  were,  in  fact,  inevitable. 

So  far  as  depended  on  reasoning,  the  prediction  was  verified;  so 
far  as  depended  on  chance,  it  failed.  Two  planets  were  assigned, 
both  of  which  lay  within  the  limits  which  fulfilled  the  conditions  of 
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the  problem.  Both^  however,  differed  from  the  true  planet  in  par- 
tdcalars  which  did  not  affect  the  conditions  of  the  problem.  All 
three  were  circumscribed  within  those  limits,  and  subject  to  such 
conditions  as  would  make  them  produce  those  deviations  or  disturb- 
ances which  were  observed  in  the  motions  of  Uranus,  and  which 
formed  the  immediate  subject  of  the  problem. 

2892.  ComparUon  ofAe  effects  of  the  real  and  predicted  planeti. 
— It  may  be  satisfactory  to  render  this  still  more  clear,  by  exhibiting 
in  immediate  juxtaposition  the  motions  of  the  hypothetical  planets 
of  MM.  Le  Yerrier  and  Adams  and  the  planet  actually  discovered, 
80  as  to  make  it  apparent  that  any  one  of  the  three,  under  the  sup- 
posed conditions,  would  produce  the  observed  disturbances.  We 
have  accordingly  attempted  this  in  Jig,  794,  where  the  orbits  of 


Pig.  794* 

Uranus,  of  Neptune,  and  of  the  planets  assigned  by  MM.  Le  Yerrier 
and  Adams  are  laid  down,  with  the  positions  of  the  planets  respec- 
tively in  them  for  every  fifth  year,  from  1800  to  1845  "inclusively. 
This  plan  is,  of  course,  only  roughly  made ;  but  it  is  sufficiently 
exact  for  the  purposes  of  the  present  illustration.  The  places  of 
Uranus  are  marked  by  O,  those  of  Neptune  by  O,  those  of  M.  Le 
Yerrier's  planet  by  0,  and  those  of  Mr.  Adams's  planet  by  ©. 

34* 
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It  will  be  observed  tbat  the  distanoes  of  the  two  planets  asrigned 
by  MBf .  Le  Verrier  and  Adams,  as  laid  down  in  the  diagram, 
differ  less  from  the  distance  of  the  planet  Neptune  than  the  mesa 
distances  given  in  their  elements  differ  from  the  mean  distance  of 
Neptnne.  This  is  explained  bj  the  eccentricities  of  the  orbit^ 
which,  in  the  elements  of  both  astronomers,  are  considerable,  being 
nearly  an  eighth  in  one  and  a  ninth  in  the  other,  and  by  the  por- 
tions of  the  supposed  planets  in  their  respective  orbits. 

If  the  masses  of  the  three  planets  were  equal,  it  is  clear  that  the 
attraction  with  which  Le  Yerrier's  planet  would  act  upon  Uranus, 
would  be  less  than  that  of  the  true  planet,  and  that  of  Adams's 
planet  still  more  so,  each  being  less  in  the  same  ratio  as  the  square 
of  its  distance  from  Uranus  is  greater  than  that  of  Neptnne.  But 
if  the  planets  are  so  adjusted  that  what  is  lost  by  distance  is  gained 
by  the  greater  masses,  this  will  be  equalised,  and  the  supposed 
planet  will  exert  the  same  disturbing  force  as  the  aotoai  planet,  so 
&r  as  relates  to  the  effects  of  variation  of  distance.  It  is  true  that, 
throughout  the  arcs  of  the  orbits  over  which  the  observations  ex- 
tend, the  distances  of  the  three  planets  in  simultaneous  positions 
are  not  every  where  in  exactly  the  same  ratio,  while  their  masses 
must  necessarily  be  so  ^  and,  therefore,  the  relative  masses,  which 
would  produce  perfect  compensation  in  one  position,  would  not  do 
so  in  others.  This  cause  of  discrepancy  would  operate,  however, 
under  the  actual  conditions  of  the  problem,  in  a  degree  altogether 
inconsiderable,  if  not  insensible. 

But  another  cause  of  difference  in  the  disturbing  action  of  the 
real  and  supposed  planets  would  arise  from  the  &ct  that  the  diieo- 
tions  of  the  (Usturbing  forces  of  all  the  three  planets  are  different, 
as  will  be  apparent  on  inspecting  the  figure,  in  which  the  degree  of 
divergence  of  these  forces  at  each  position  of  the  planets  is  indi- 
cated ;  but  it  will  be  also  apparent  that  this  diveigence  is  so  very 
inconsiderable,  that  its  effect  must  be  quite  insensible  in  all  posi- 
tions in  which  Ursnus  can  be  seriously  affected.  Thus,  from  1800 
to  1815,  the  divergence  is  very  small.  It  increases  from  1815  to 
1835 ;  but  it  is  precisely  here,  near  the  epoch  of  heliocentric  con- 
junction, which  took  place  in  1822,  that  all  the  three  planets  cease 
to  have  any  direct  effect  in  accelerating  the  motion  of  Uranus. 
When  the  latter  planet  passes  this  point  sufficientiy  to  be  sensibly 
retarded  by  the  disturbing  action,  as  is  the  case  after  1835,  the 
divergence  again  becomes  inconsiderable. 

From  these  considerations  it  will  therefore  be  understood,  that 
the  disturbances  of  the  motions  of  Uranus,  so  far  as  these  were 
ascertained  by  observation,  would  be  produced  witiiout  sensible 
difference,  either  by  the  actual  planet  which  has  been  discovered,  or 
by  either  of  the  planets  assigned  by  MM.  Le  Verrier  and  Adams, 
or  either  by  an  indefinite  number  of  others  which  might  be  assigned. 
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either  wiUiip  fche  path  of  Neptune,  or  between  it  and  that  of  Adams's 
planet,  or,  in  fine,  beyond  this  —  within  certain  assignable  limits. 

2893.  No  part  of  the  merit  of  this  discovery  ascribahle  to  chance. 
—  That  the  planets  assigned  by  MM.  Le  Verrier  and  Adams  are 
not  identical  with  the  planet  to  the  disooyeiy  of  which  their  re- 
searches have  conducted  practical  observers  is,  therefore,  true }  but 
it  is  also  true  that,  if  they  or  either  of  them  had  been  identical 
with  it,  such  excessive  amount  of  agreement  would  have  been  purely 
accidental,  and  not  at  all  the  result  of  the  sagaeity  of  the  mathe- 
matician. All  that  human  sagadty  could  do  with  the  data  pre- 
sented by  observation  was  done.  Among  an  indefinite  number  of 
pouible  planets  capable  of  producing  tiie  disturlnng  action,  two 
were  assiigned,  both  of  which  were,  for  all  the  purposes  of  the  in- 
quiry, so  nearly  odnoident  with  the  real  planet  as 
inevitably  and  immediately  to  lead  to  its  discovery. 

2894.  Period. -— After  a  complete  revolution  of 
the  earth,  Neptune  is  found  to  advance  in  its  course  no 
more  than  2^*187,  and  consequently  its  period  is^ 

or,  more  exactly,  164*618  years. 

2895.  Distance, — Its  mean  distance  B,  therefore^ 
may  be  determined  by  the  harmonic  law : 

E*  =  (164-6)«  «=  27098  =  (30-a4)*. 

2896.  Relative  orbits  and  distances  of  irq>tune  and 
the  earth.  —  It  appears,  then,  in  fine,  that  the  system 
possesses  another  member  still  more  remote  from  the 
common  centre  of  li^ht,  heat,  and  attraction.  In  fg, 
795,  the  earth's  orbit  is  represented  at  s  b'"  ;  and  a 
part  of  that  of  Neptune,  on  the  same  scale,  is  repre- 
sented at  N.  The  actual  distance  of  N  from  B  is  thirty 
times  that  of  e  from  s. 

The  mean  distance  of  Neptune  from  the  sun  is, 
therefore, 

2,850,000,000  miles. 

2897.  Apparent  and  real  diameter.  —  The  appa* 
rent  diameter  of  the  planet,  seen  when  in  opposition, 
is  about  2''*8.    Its  distance  from  the  earth  bmng  then, 

2850  —  95  =1  2755  mill  mOes, 

and  the  linear  value  of  1"  at  this  distance  being 


Tig.  795. 


2755000000 
206265 


=  18,813  miles, 
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the  actual  diameter  of  the  planet  mU  he 

13313  X  2-8  =  37,276  miles. 

The  diameter  of  the  planet  is,  therefore,  a  little  greater  than  that 
of  Uranas,  ahout  half  that  of  Satani|  and  about  four  and  a  half 
times  that  of  the  earth. 

According  to  Mr.  Hind,  the  apparent  diameter  is  only  2-6,  and 
the  real  diameter  31,000  miles;  numbers  which,  he  says,  are  de- 
duced from  careful  measurements  with  some  of  the  most  powerfnl 
European  telescopes. 

2898.  Satellite  of  Nle^tune,  —  A  satellite  of  this  planet  was  d»- 
covered  by  Mr.  Lassell  m  October,  1846,  and  was  afterwards  ob- 
served by  other  astronomers  both  in  Europe  and  the  United  States. 
The  first  observations  then  made  raised  some  suspicions  as  to  the 
presence  of  another  satellite  as  well  as  of  a  ring  analogous  to  that 
of  Saturn.  Notwithstanding  the  numerous  observers,  and  the  pow- 
erful instruments  which  have  been  directed  to  the  planet  since  the 
date  of  these  observations,  nothing  has  been  detected  which  has  had 
any  tendency  to  confirm  these  suspicions. 

The  existence  of  the  satellite  first  seen  by  Mr.  Lassell  has,  how- 
ever, not  only  been  fully  established,  but  its  motion,  and  the 
elements  of  its  orbit,  have  been  ascertained,  first  by  the  observations 
of  M.  0.  Struve  in  Sept.  and  Bee.  1847,  and  later  and  more  fiilly 
by  those  of  his  bte  relative  M.  Auguste  Struve,  in  1848-9. 

From  these  observations  it  appears  that  the  distance  of  the 
satellite  from  the  planet  at  its  greatest  elongation  subtends  an  angle 
of  18"  at  the  sun ;  and  since  the  diameter  of  the  planet  subtends 
an  angle  of  2*8  at  the  same  distance,  it  follows,  therefore,  that  the 
distance  of  the  satellite  from  the  centre  of  the  planet  is  equal  to 
fourteen  semidiameters  of  the  latter. 

The  mean  daily  angular  motion  of  the  satellite  round  the  centre 
of  the  planet  is,  according  to  the  observations  of  Struve,  61^*2625, 
and  consequently  the  period  of  the  satellite  is 

or  5*^  21^  1*8"',  a  result  which  is  subject  to  an  error  not  exceeding 
5  minutes. 

If  the  semidiameter  of  the  planet  be  18,750  miles,  the  actual 
distance  of  the  satellite  is 

18,750  X  12  =  225,000  miles, 

being  a  little  less  than  the  distance  of  the  moon  from  the  earth's 
centre. 

2899.  Ma$8  and  denxitif.  —  This  discovery  of  a  satellite  has 
supplied  the  means  of  determining  the  mass,  and  therefore  the 
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deasitjy  of  the  planet.  M.  Strnye^  calonkftiog  by  the  prinoipkt 
already  explained,  has  found  that  the  mass  of  T^eptune  ia  the 
14,446th  part  of  the  mass  of  the  sun ;  and  sinoe  its  diameter  is 
about  the  20th,  and  its  volume  the  8000th,  part  of  that  of  the  sun, 
its  density  will  be  about  five-ninths  that  oi  the  sun,  and  about  the 
seventh  part  of  the  density  of  the  earth. 

Other  estimates  make  the  mass  less.  According  to  Professor 
Bond  it  is  the  19,400tfa,  and  according  to  Mr.  Hind  the  17,000thy 
of  the  mass  of  the  sun. 

2900.  Ajpparent  magnitude  of  the  tun  ai  Neptune,  —  The  apfMh 
rent  diameter  of  the  suui  as  seen  from.  Neptune,  neing  80  times  less 
than  from  the  earth;  is, 

The  sun,  therefore,  appears  of  the  same  magnitude  as  Venus  seen 
as  a  morning  or  evening  star. 

The  relative  apparent  magnitudes  are  exhibited  iny^.  796^  at  ■ 
and  N. 


It  would,  howeyer,  be  a  great  mistake  to  infer  that'the  light  of 
the  sun  at  Neptune  approaches  in  any  degree  to  the  fidntness  of 
that  of  Yenus  at  the  earth.  If  Yenus,  when  that  planet  appears 
as  a  morning  or  evening  star,  with  the  apparent  diameter  of  W^ 
had  a  full  disk  (instead  of  one  halved  or  nearly  so,  like  the  moon 
at  the  quarters),  and  if  the  actual  intensity  of  li^ht  on  its  surface 
were  eaual  to  that  on  the  sur&ce  of  the  sun,  the  light  of  the  planet 
would  be  exactly  that  of  the  sun  at  Neptune.  But  the  intensity 
(^  the  light  which  falls  on  Yenus  is  less  than  the  intensity  of  the 
light  on  the  sun's  suHace  in  the  ratio  of  the  square  of  Yenus'  disi- 
lanoe  to  that  of  the  son's  semidiametw,  upon  the  supposition  that 
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the  ligbt  18  propagated  according  to  the  same  law  as  if  it  issued  from 
the  sun's  centre ;  that  is,  as  the  square  of  37  millions  to  the  square 
of  half  a  million  nearly,  or  as  37' :  } ;  that  is,  as  5476  to  1.  If, 
therefore,  the  surface  of  Yenus  reflected  (which  it  does  not)  all  the 
light  incident  upon  it,  its  apparent  light  at  the  earth  (considering 
that  little  more  than  half  its  illuminated  sur&ce  is  seen)  is  about 
11,000  times  less  than  the  light  of  the  sun  at  Neptune. 

Small,  therefore,  as  is  the  apparent  magnitude  of  the  sun  at  Nep- 
tune, the  intensity  of  its  daylight  is  probably  not  less  than  tliat 
which  would  be  produced  by  about  20,000  stars  shining  at  onoe  in 
the  firmament,  each  being  equal  in  splendour  to  Yenus  when  that 
planet  is  brightest 

In  addition  to  these  considerations,  it  must  not  be  forgotten  that 
all  such  estimates  of  the  comparative  efficiency  of  the  illuminating 
and  heating  power  of  the  sun  is  based  upon  the  supposition  that  his 
light  is  received  under  like  physical  conditions ;  and  that  many  con- 
ceivable modifications  in  the  physical  state  of  the  body  or  medium 
on  or  into  which  the  light  fftlls,  and  in  the  structure  of  the  viaual 
organs  which  it  afiects,  may  render  light  of  an  extremely  feeble  in- 
tensity as  efficient  as  much  stronger  light  is  found  to  be  under  other 
conditions. 

2901.  Suspected  ring  of  Neptune.  —  Messrs.  Lassell  and  Challia 
have  at  times  imagined  that  indications  of  some  such  appendage 
as  a  ring,  seen  nearly  edgewise,  were  perceptible  upon  the  disk  of 
Neptune.  These  conjectures  have  not  yet  received  any  confinna- 
tion.  When  the  declination  of  the  planet  will  have  so  fiur  increased 
as  to  present  the  ring,  if  such  an  appendage  be  really  attached  to 
the  planet,  at  a  less  oblique  angle  to  the  visual  ray,  the  question 
will  probably  be  decided. 
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2902.  Interponlton  of  celestial  objects.  —  The  objects  which  in 
such  countless  numbers  are  scattered  over  the  firmament  being  at 
distances  and  in  positions  infinitely  various,  and  many  of  them  being 
in  motion,  so  that  the  directions  of  lines  drawn  from  one  to  another 
are  constantly  varying,  it  must  occasionally  happen  that  three  will 
come  into  the  same  line,  or  nearly  so.  Such  a  contingency  pro- 
duces a  class  of  occasional  astronomical  phenomena  which  are  in* 
vested  with  a  high  popular  as  well  as  a  profound  scientific  interest. 
The  rareness  with  which  some  of  them  are  presented,  their  sudden 
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and|  to  tbe  vulgar  maaS)  unexpected  appearance,  and  ihe  nngnlar 
phenomena  which  often  attend  them,  strike  the  popular  mind  with 
awe  and  terror.  To  the  astronomer,  geompber,  and  navigator,  they 
sttbeerve  important  uses,  among  which  Uie  determination  of  terres- 
trial longitudes,  the  more  exact  estimation  of  the  sun's  distance 
firom  the  earth  (which  is  the  standard  and  modulus  of  all  distances 
in  the  celestial  spaces),  and,  in  fine,  the  discovery  of  the  mobility 
of  light,  and  the  measure  of  its  velocity,  hold  foremost  places. 

When  one  of  the  extremes  of  the  series  of  the  three  bodies 
which  thus  assume  a  common  direction  is  the  sun,  the  intermediate 
body  deprives  the  other  extreme  body,  either  wholly  or  partially,  of 
the  illumination  which  it  habitually  receives.  When  one  of  the 
extremes  is  the  earth,  th^  intermecQato  body  intercepts,  wholly  or 
partially,  the  other  extreme  body  from  the  view  of  observers  situate 
at  places  on  the  earth  which  are  in  the  common  line  of  direction, 
and  the  intermediate  body  is  seen  to  pass  across  the  other  extreme 
body  as  it  enters  upon  and  leaves  the  common  line  of  direction. 
The  phenomena  resulting  from  such  contingencies  of  position  and 
direction  are  variously  denominated  eclipses,  transits,  and  oc- 
CULTATIONS,  according  to  the  relative  apparent  magnitudes  of  the 
interposing  and  obscured  bodies,  and  acconliDg  to  the  circumstances 
which  attend  them. 

2908.   General  condiiums  which  determine  the  phenomena  of  tn- 
ierfotiiion  toA«n  one  of  the  extreme  objects  is  the  earth,  —  If  the 
interposing  and  intercepted  objecte  have  disks  of 
sensible  magnitude,  tbe  effects  attending  their  in- 
terposition will  depend  on  the  magnitude  of  the 
^^^^        diameters  of  their  disks  and  the  apparent  dbtence 
^^f   •    )8    between  their  centres. 

^^^<^  Let  D  express  the  apparent  distance  between 

_  ^-^  the  centres  of  the  two  disks.  Let  r  be  the  semi- 
^BT.  ]c  diameter  of  the  Dearer,  and  i^  that  of  the  more 
^R^,_>'       distent  disk. 

2904.  Condition  of  no  interposition.  —  If  d 
be  greater  than  r  +  r^,  as  represented  at  A,  Jig. 
797,  the  disks  must  be  entirely  outeide  each  other, 

•      and  consequently  no  interposition  can  teke  place. 
■    The  nearest  pointe  of  the  edges  of  the  disks  are, 
in  this  case,  at  a  distance  equal  to  the  difference 
between  d  and  r  +  f',  that  is,  d  —  (r  -f  t^). 

Ikeiemal  contact — If  D  =  r  -f  r ,  as  at  B,  the 
disks  will  touch  without  interposition.  This  is 
called  the  position  of  external  contact. 

2905.  Partial  interposition. — If  d  be  less  than 
r+i^,  the  nearer  dbk  will  be  partially  interposed, 

rig.  797.         as  at  C.     In  this  case,  the  greatest  breadth  of 
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the  olwGnred  f»rt  of  tbe  more  remote  disk  ib  (r  +  f^«^]>.  It  ii 
evident  that  the  less  the  distance  D  is,  the  greater  will  be  this 
breadth,  and  the  greater  the  part  obscured. 

2906.  Jniemal  contact  of  xnterpoting  didc.  —  If  the  intetpoeing 
disk  be  less  than  the  more  distant,  it  will  reduce  the  latter  to  a 
orescent,  the  points  of  the  horns  of  which  meet,  as  represented  at 
]>,  when  D  =  r^  —  r,  that  is,  when  the  distance  between  the  centres 
is  equal  to  the  diflbrence  of  the  apparent  semi-diameters. 

2907.  Centrical  interponfum  of  lesser  disk,  —  If  in  the  same 
ease  the  centres  coincide,  as  at  s,  the  nearer  disk,  covering  all  the 
central  portion  of  the  more  distant,  will  leave  uncovered  aionnd  it  a 
regular  ring  or  annnlos  of  visible  surface,  the  breadth  of  which  will 
be  the  difference  r  —  /of  the  semi-diameters. 

2908.  Complete  wterposttion, — If  the  nearer  disk  be  greater  than 
the  more  remote,  and  the  distance  d  between  the  centres  be  not 
greater  than  r  —  i^,  the  difference  of  the  semi-diameters,  the  more 
remote  disk  will  be  completely  covered,  and  will  continue  so  until 
the  centres  separate  to  a  greater  dbtance  than  r — i^,  as  represented 
at  r  and  g. 

I.  Solar  Eclipses. 

2909.  The  case  of  the  sun  and  moon  presents  all  these  various 
appearances.  The  disks,  though  nearly  equal,  are  each  subject  to 
a  variation  of  magnitude  confined  withm  certain  narrow  limits,  as 
has  been  already  explained ;  and,  in  consequence,  the  dbk  of  the 
moon  is  sometimes  a  little  greater,  and  sometimes  a  little  less,  than 
that  of  the  sun.  Their  centres  move,  as  has  been  explained,  in  two 
apparent  circles  on  the  firmament;  that  of  the  sun  in  the  ediptic, 
and  that  of  the  moon  in  a  circle  inclined  to  the  ecliptic  at  a  small 
angle  of  about  5^.  These  circles  intersect  at  two  opposite  points  of 
the  firmament,  called  the  moon's  nodes  (2473).  In  consequence  of 
the  very  small  obliquity  of  the  moon's  orbit  to  the  ecliptic,  the  dis- 
tance between  theee  paths,  even  at  a  considerable  distance  at  either 
side  of  the  node,  is  necessarily  small.  Now,  since  the  centres  of 
the  disks  of  the  sun  and  moon  must  each  of  them  pass  once  in  each 
revolution  through  each  node,  it  will  necessarily  happen  from  time 
to  time  that  they  will  be  both  at  the  same  moment  either  at  the 
node  itself,  or  at  some  points  of  their  respective  paths  so  near  it, 
that  their  apparent  distance  asunder  will  be  less  than  tlie  sum  of 
their  apparent  semi-diameters,  and  either  total  or  partial  interpo- 
sition must  take  place,  according  to  the  relative  magnitudes  uf  their 
disks,  and  to  the  distance  between  the  points  of  their  respective 
paths  at  which  their  centres  are  simultaneously  found. 

2910.  Partial  solar  eclipse.  —  If  the  apparent  distance  D  between 
their  centres  be  lees  than  the  sum  (r  +  /),  but  greater  than  the 
diflGerence  (r  —  /)  of  their  apparent  semi-diameters,  a  partial  inter- 
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poflition  will  take  place  (2905).  The  greatest  breadth  of  the  ob- 
scured ports  of  the  solar  disk  will  in  this  case  be  equal  to  the  dif- 
fereDce  between  the  sum  of  the  apparent  semi-diameters  and  the 
distance  between  the  centres  of  the  two  disks,  that  is,  (r  +  /)  —  D. 

2911.  Magnitude  of  eclipses  expressed  hy  digits.  —  If  the  ap« 

parent  diameter  of  the  obscured  object  bo  supposed  to  be  divided  into 

twelve  equal  parts,  each  of  these  parts  in  reference  to  eclipses  is 

called  a  digit,  and  the  magnitude  of  an  eclipse  is  expressed  by  the 

number  of  digits  contained  in  the  greatest  breadth  of  the  obscured 

part  of  the  diu:.  Thus  the  magnitude  of  the  eclipse  mil  be  found  by 

2r  T 

dividing  r  +  r'  —  D  by  ^  or  by  -^, 

2912.  Total  solar  eclipse, — To  produce  a  total  solar  eclipse,  it  is 
Decessary,  1st,  that  the  apparent  diameter  of  the  moon  should  be 
equal  to  or  greater  than  that  of  the  sun,  and  2dly,  that  the  apparent 
places  of  their  centres  should  approach  each  other  within  a  distance 
not  greater  than  i^  —  r,  the  difference  of  their  apparent  semi- 
diameters.  '  When  these  conditions  are  fulfilled,  and  so  long  as 
they  continue  to  be  fulfilled,  the  eclipse  will  be  total  (2908). 

The  greatest  value  of  the  apparent  semi-diameter  of  the  moon 
being  1006^',  and  the  least  value  of  that  of  the  sun  being  945'',  we 
shall  have 

ff  —  r^  61". 

The  greatest  possible  duration,  therefore,  of  a  total  solar  eclipse  will 
be  the  time  necessary  for  the  centre  of  the  moon  to  gain  upon  that 
of  the  sun  61"  X  2  =  122".  But  since  the  mean  synodic  motion 
of  the  moon  is  at  the  rate  of  30"  per  minute,  it  follows  that  the 
duration  of  a  total  solar  eclipse  can  never  exceed  four  minutes. 

2913.  Annular  eclipses,  —  When  the  apparent  diameter  of  the 
moon  is  less  than  that  of  the  sun,  its  disk  will  not  cover  that  of  the 
sun,  even  when  concentrical  with  it.  In  this  case,  a  ring  of  light  would 
be  apparent  round  the  dark  disk  of  the  moon,  the  breadth  of  which 
would  be  equal  to  the  difference  of  the  apparent  semi-diameters,  as 
represented  at  e,  Jig,  792.  When  the  disks  are  not  absolutely  con- 
centrical,  the  distance  between  their  centres  being,  however,  less 
than  the  difference  of  their  apparent  semi-diameters,  •the  dark  disk 
of  the  moon  will  still  be  within  that  of  the  sun,  and  will  appear  sur- 
rounded by  a  luminous  annulus,  but  in  this  case  the  ring  will  vary 
in  breadth,  the  thinnest  part  being  at  the  point  nearest  to  the  moon's 
centre ;  and  when  the  distance  between  the  centres  is  reduced  to 
exact  equality  with  the  difference  of  the  apparent  semi-diameters, 
the  ring  becomes  a  very  thin  crescent,  the  points  of  the  horns  of 
which  unite,  as  represented  at  D,  Jig,  792. 

ni.  35 
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The  greatest  breadth  of  the  cresoent  will  be  in  this  case  equal  to 
the  difference  of  the  apparent  diameters  of  the  sun  and  moon. 

The  greatest  apparent  semi-diameter  of  the  san  being  16'  IS'', 
and  the  least  apparent  semi-diameter  of  the  moon  being  14'  44'^,  the 
greatest  possible  breadth  of  the  annnluswhen  the  eclipse  is  oentncal 
wiUbe 

,._r'  =  16'  18"— 14' 44"  =  1'  34"  =  94", 

which  is  abont  the  20th  part  of  the  mean  apparent  diameter  of  the 
snn. 

The  greatest  intcrTal  during  which  the  eclipse  can  continue  an- 
nular is  the  time  necessary  for  the  centre  of  the  moon  to  move 
sjnodically  over  94"  X  2  =  188",  and,  since  the  mean  synodic 
motion  is  at  the  rate  of  30''  per  minute,  this  interval  will  be  about 

188 

-^j-  =  6-26  minutes 

or  about  six  minutes  and  a  quarter. 

2914.  Solar  eclipses  can  onljf  occur  at  or  near  the  epoch  of  new 
moons,  —  This  is  evident,  because  the  condition  which  limits  the 
apparent  distance  between  the  centres  of  the  disks  to  the  sum  of 
the  apparent  semi-diameters,  involves  the  consequence  that  this  dis- 
tance cannot  much  exceed  30',  and  as  the  difference  of  longitudes 
must  be  still  less  than  this,  it  follows  that  the  eclipse  can  only  take 
place  within  less  than  half  a  degree  in  apparent  distance,  and  within 
less  than  two  hours  of  the  epoch  of  conjunction. 

2915.  Effects  of  parallax,  —  Since  the  visual  directions  of  the 
centres  of  the  disks  of  the  sun  and  moon  vary  more  or  less  with  the 
position  of  the  observer  upon  the  earth's  surface,  the  conditions 
which  determine  the  occurrence  of  an  eclipse,  and  if  it  occur,  those 
which  determine  its  character  and  magnitude,  are  necessarily  differ- 
ent in  different  parts  of  the  earth.  While  in  some  places  none  of 
the  conditions  are  fulfilled,  and  no  eclipse  occurs,  in  others  an  eclipse 
is  witnessed  which  varies  from  one  place  to  another  in  its  magnitude, 
and  in  some  may  be  total,  while  it  is  partial  in  others. 

If  the  change  of  position  of  the  observer  upon  the  earth's  sur- 
face affected  the  visual  directions  of  the  centres  of  the  two  disks 
equally,  which  would  be  the  case  if  they  were  equally  distant,  or 
nearly  so,  no  change  in  the  apparent  distance  between  them  would 
be  produced,  and  in  that  case,  the  eclipse  would  have  the  same 
appearance  exactly  to  all  observers  in  every  part  of  the  earth.  But 
the  sun  being  about  400  times  more  distant  than  the  moon,  the 
visual  direction  of  the  centre  of  its  disk  is  affected  by  any  difference 
of  position  of  the  observers,  to  an  extent  400  times  less  than  that 
)f  the  moon's  centre. 
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Let  s^  s,  and  m,  fig.  798,  represent  Bcctions  of  the  san,  earth, 
and  moon,  made  by  the  plane  which  passes 
through  their  centres.  Let  a  line  p  m  s  be 
drawn,  touching  the  sun  and  moon,  but  so  that 
they  shall  lie  on  opposite  sides  of  it  It  is  evi* 
dent  that  to  an  observer  at  p,  the  dark  disk  of 
the  moon  would  touch  that  of  the  sun  exteiw 
nally;  for  the  apparent  distance  between  the 
centres  would  be  measured  by  the  angle  s  P  M, 
which  18  equal  to  the  sum  8  p  s,  the  apparent 
semi-diameter  of  the  sun,  and  M  p  m  that  of  the 
moon. 

From  the  point  %  let  lines  be  supposed  to  be 
diawn^  touching  the  earth  at  j>  and  j/.  It  is 
evident  that,  to  an  observer  situate  between  p 
and  j>',  the  apparent  distance  of  the  centres  of 
the  moon  and  sun  would  be  greater  than  the  sum 
of  their  apparent  semi-diameters,  and  they  would 
therefore  be  separated  at  the  nearest  points  of 
their  disks  by  a  space  equal  to  the  excess  of  this 
distance  above  the  sum  of  the  apparent  semi- 
diameters. 

Adopting  the  signs  already  used,  let  r  express 
the  apparent  semi-diameter  of  the  sun,  r^  that 
of  the  moon,  and  D  the  apparent  distance  be- 
tween their  centres,  we  shall  have  D  greater 
than  r  +  f^  for  every  point  from  p  to  v ,  and 
the   excess  will    increase    continually  from  P 

tOB^. 

On  the  other  hand,  for  every  point  between 
p  and  J),  D  will  be  less  than  r  '\-  ?^  and  the  sun 
will  be  eclipsed,  the  magnitude  of  the  eclipse 
augmenting  gradually  from  p  to  p. 
The  phenomena  varying  therefore  indefinitely  with  the  position 
of  the  observer  upon  the  earth,  it  is  necessary,  in  order  to  render 
their  prediction  practicable,  to  select  a  fixed  position  for  which  they 
may  be  calculatecl,  formulsd  being  established,  and  tables  prepared, 
by  which  the  difference  between  the  appearances  there  and  at  any 
proposed  place  may  be  computed.  The  fixed  point  selected  for  this 
purpose  is  the  centre  E  of  the  earth. 

The  angular  distance  between  the  centres  of  the  disks  of  the  sun 
and  moon,  as  seen  from  any  place,  such  as  P  for  example,  is  called 
their  apparent  distance  at  that  place,  and  their  angular  distance,  as 
seen  from  the  centre  s  of  the  earth,  is  called  their  true  distance. 
Thnsy  8  p  M  is  the  apparent  distance  between  the  centres  at  P;  and 


\ 
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BBM  IS  their  true  distuioe.    Il  will  be  easy  to  show  the  leUtioii 

which  exiflts  between  these  two  distanoes. 

Bj  the  principles  of  elementary  geometry  we  have 

BSM  =  SOM  —  PSXy  80M  =  P0S  =  MP8  +  PMEy  I 

and  consequently 

BEM  =  MP8  +  PME  —  P8E.  I 

Bat  the  angle  p  M  e  is  the  diurnal  parallax  of  the  moon,  and  p  8  s    \ 
that  of  the  sun,  estimated  in  the  plane  of  the  figure.     If  these  he 
expressed  by  *»'  and  »  respectively,  and  the  apparent  and  tme  dis- 
tances between  the  centres  by  d  and  d'  respectively,  the  above  zda- 
tion  will  be 

j/  =zj}  •{-  a'  —  o, 
and  consequently 

d'— D  =  «' — «; 
that  is  to  say,  the  true  distance  exceeds  the  apparent  by  as  mneh  as 
the  parallax  of  the  moon  exceeds  that  of  the  sun. 

At  the  pUce  p,  from  which  the  disks  appear  in  external  contact, 

and  therefore 

consequently,  when  external  contact  takes  place,  we  have 

l/  =  r  + /  +  «'—«; 
that  is,  the  true  distance  between  the  centres  is  equal  to  the  snm  of 
the  apparent  diameters  added  to  the  difference  of  the  parallaxes. 

To  simplify  the  explanation,  we  have  here  supposed  the  place  of 
observation  to  be  in  the  plane  which  passes  through  the  centres  of 
the  sun,  moon  and  earth,  or,  what  is  the  same,  the  centres  of  the 
disks  of  the  sun  and  moon,  to  be  in  the  same  vertical  at  the  time 
of  the  observation.  In  the  actual  calculations  necessary  to  supply 
an  exact  prediction  of  the  beginning,  middle,  the  end,  and  the  mag- 
nitude of  a  solar  eclipse,  many  particulars  must  be  taken  into  ac- 
count, which  are  not  adapted  to  a  work  such  as  the  present,  but 
which  present  no  other  difficulty  than  such  as  attends  elaborate 
arithmetical  computation. 

2916.  Shadow  produced  hy  an  opa^  globe,  —  Connected  with 
the  phenomena  of  eclipses  and  transits  are  certain  properties  of 
shadows. 

When  a  luminous  body,  radiating  liffht  in  all  directions  around 
it,  throws  these  rays  upon  an  opaque  Dody,  that  body  prevents  a 
portion  of  the  rays  from  penetrating  into  the  space  behind  it  That 
part  of  the  space  from  which  the  light  is  thus  excluded  by  the  in- 
terposition of  the  opaque  body,  is  called  in  astronomy  the  bhadow 
of  that  body. 

The  shape,  magnitude,  and  extent,  of  the  shadow  of  an  opaque 
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1>odj  will  depend  partly  on  tbe  sbape  and  magnitude  of  the  opaque 
body  itself^  and  partly  on  that  of  the  body  from  which  the  light 
proceeds. 

2917.  Method  of  determining  the  farm  and  dimensions  of  the 
sihoidow,  —  In  the  oases  which  are  actually  presented  in  astronomy, 
the  luminous  body  being  the  sun,  and  the  opaque  body  a  planet  or 
satellite,  both  are  globes,  and  the  former  of  much  greater  dimen« 
aions  than  the  latter.  It  is  easy  to  show  that  in  such  case  the 
shadow  will  be  a  cone,  projected  to  a  certain  distance  behind  the 
opaque  body.  The  length  of  this  cone,  and  the  angle  formed  at  its 
Tertex,  may  be  computed,  when  the  real  diameters  of  the  sun  and 
the  body  which  forms  the  shadow,  and  the  distance  of  the  one  from 
the  other,  are  known. 

Let  h  y  and  a  a',  fig,  799,  represent  a  section  of  the  sun  and  the 
opaque  body.  Suppose  the  lines  h  a  and  1/  a!  drawn 
touching  these.  Let  them  be  continued  until  they 
meet  at/.  If  similar  lines  be  supposed  to  be  drawn 
through  all  points  surrounding  both  globes,  they  will 
include  a  cone  the  diameter  of  whose  base  is  h  V, 
whose  sides  are  6 /and  V  f  and  whose  vertex  is  / 
It  will  be  evident  that  the  sun's  rays  will  be  excluded 
from  all  that  part  of  the  cone  which  is  between  a  d 
and  the  vertex  /  This  part  of  the  cone,  therefore, 
having  the  section  of  the  opaque  body  at  a  c/  for  its 
base,  and  the  point /for  its  vertex,  is  the  shadow. 

To  ascertain  the  length  I  of  the  shadow,  let  r  and 
t^  express  the  semi-diameters  of  the  sun,  and  the  body 
a  d  respectively,  and  let  d  express  the  distance  h  a 
between  them.  We  shall  then  have,  by  the  prin- 
dples  of  elementary  geometry, 

r  :f'::/+  (f  :Z, 
and  consequently, 

TY.l  =  ¥  Xl  ^-^  y^d^ 
and  therefore, 

that  is,  the  length  of  the  shadow  is  found  by  multi- 
plying the  distance  from  the  sun  by  the  semi-diameter 
of  the  body  which  forms  the  shadow,  and  dividing  the 
product  by  the  difference  between  the  semi-diameters. 
To  determine  the  semi-angle  afeoi  the  cone,  we 
have 

afe  =  206265"  X  -f . 
Wf .  199.  "^  i 

86* 
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2918.  Method  of  deiermitiing  Ae  ImiU  of  the  penumbm. — If 
Ungents  be  drawn  transrerselj,  Buch  Bsh  <?  and  a  a,  and  be  oon- 
tinned  beyond  tbe  points  a  and  a^^  the  aon's  rays  will  be  partially 
excluded  from  the  spaoe  inolnded  between  o  a  and /a.  Any  point 
on  the  line  ap  will  reoeiye  light  fit>m  all  points  of  the  sun's  disk. 
If  the  point  thus  illominated  be  moved  mdoally  firomp  towards 
Of  it  will  receive  less  and  less  of  the  son's  ught,  sinoe  the  globe  a  a^ 
will  be  more  and  more  interposed  between  it  and  the  sun.  Thus,  a 
point  placed  at  </  receives  light  only  from  those  points  of  the  son 
which  lie  between  c  and  h,  the  rays  proceeding  from  all  points  be- 
tween 1/  and  c  being  intercepted  by  a  of.  As  the  point  o'  is  moved 
towards  o,  the  corresponding  point  c  moves  towards  b,  so  that  the 
portion  of  the  sun  from  which  it  receives  light  constantly  deoreases 
until  it  arrives  at  the  boundary  a /of  the  shadow,  where  all  the 
rays  are  intercepted. 

The  light  being  thus  partially  intercepted  from  the  space  bounded 
by  the  lines  ap  and  a/,  this  space  is  called  the  pknumbea. 

The  ancle |>  a/,  which  measures  the  penumbra,  is  equal  to  the 
visual  angle  b  a  b,  subtended  by  the  sun  at  the  object  which  forms 
the  shadow. 

2919.  Total  and  partial  iolar  edtpse$  explained  by  the  lunar 
shadow,  —  Tbe  moon  projects  behind  in  a  conical  shadowi  the 
dimensions  of  which  can  be  ascertained  by  the  methods  explained 
above.  If  the  moon  comes  between  Uie  sun  and  the  earth, 
which  it  must  do  near  conjunction,  if  it  be  not  far  removed  from 
the  node  of  its  orbit,  this  shadow  will  be  projected  on  a  part  of  the 
hemisphere  of  the  earth  which  is  turned  to  the  son,  provided  its 
length  be  greater  than  the  moon's  distance,  as  represented  in  Jig. 
800.  In  this  case,  the  shadow  will  move  over  certain  points  of  the 
surface  of  tbe  earth  lying  around  the  point  to  which  its  axis  is 
directed.  The  light  of  the  sun  being  altogether  intercepted  within 
the  limits  of  the  shadow,  a  total  eclipse  will  take  place,  the  dura 
tion  of  which  will  be  determined  by  the  limits  and  movement  of  the 
shadow  thus  projected,  which  is  in  efiect  the  intersection  of  the 
conical  shadow  of  the  moon  and  the  earth's  surface. 

To  those  parts  of  the  earth  which  are  outeide  the  limits  a  (/  of 
the  shadow,  but  within  those  pp'  of  the  penumbra,  a  partial  eclipse 
will  be  exhibited,  the  magnitude  of  which  will  be  so  much  the 
greater  the  nearer  the  place  is  to  the  axis  of  the  shadow.  All  such 
parts  will  be  more  faintly  illuminated  in  proportion  to  the  extent  of 
the  sun's  disk  which  is  obscured. 

2920.  Annular  eclxpie$  explained  by  shadow, ^li  the  length 
of  the  shadow  be  less  than  the  moon's  distance  from  the  earth,  the 
vertex  not  reaching  to  the  earth,  no  part  of  the  earth's  surfiuw  can 
be  immersed  in  Uie  shadow.  In  that  case,  a  centrical  annular 
'idipse  will  be  exhibited  at  those  points  of  the  earth's  lurfitee  to 
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which  ihe  «us  of  the  shadow  is  dinoted.    This  case  is  Kpresented 
in  fig,  801,  where /represents  the  vertex  of  the  moon's  shadow. 


Fig.  800. 


Fig.  801. 


At  all  places  within  the  circle  upon  the  earth,  of  which  a  a'  is  the 
diameter,  there  will  be  a  aDoular  eclipse,  and  at  the  centre  of  the 
circle  the  eclipse  will  be  ceotrical,  the  aoDolns  being  of  uniform 
breadth.  Outside  tbis  circle,  so  far  as  the  penumbra  extends,  the 
eclipse  will  be  partial,  its  magnitude  decreasing  as  the  distance  of 
the  phu»  from  tbe  centre  of  the  circle  increases,  until  at  the  limit 
of  tbe  penumbra  the  phenomena  ceases  to  be  exhibited. 

2921.  PossUnltty  of  annular  ech'jMes  proved,  —  To  establish  the 
possibility  of  an  annular  eclipse,  and  to  show  the  relative  positions 
of  the  earth  and  moon,  in  their  respective  orbits,  when  such  a  phe- 
nomenon takes  place,  it  must  be  considered  that  it  is  necessary  that 
the  length  of  the  moon's  shadow  be  less  than  the  moon's  distance 
from  the  earth.  By  substituting  for  r  and  r^,  in  the  general  for- 
mula for  the  value  of  I  (2917),  the  actual  values  of  the  semi-diame- 
ters of  the  sun  and  moon,  we  find 

/    _  1076 1^ 

r—/ "^441000  ""440* 
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The  extreme  limits  of  the  son's  distance  d  being 

cr'= 96,600000, 
d'  =  93,400000, 

the  greatest  and  least  values  of  Z,  the  length  of  the  moon's  shadow 


r  =  96,600000  X  jlr  =219646, 
440 

r  =  98,400000  X  7^;^=  212272. 
440 

Bat  the  extreme  distanoes  of  the  moon  from  the  oentre  of  the  earth 
are, 

MU«i. 

greatest  distance 261760, 

least  distance 221290, 

and,  therefore,  the  extreme  distances  from  the  snr&ce  are 

IfilM.  MUM.  MOM. 

greatest  distance  =  261760—3963  =  247797, 
least  distance       =  221290  —3963  =  217327. 

Since,  therefore,  the  length  of  the  moon's  shadow  when  greatest, 
exceeds  the  moon's  distance  from  the  sar&ce  of  the  earth  when 
least,  the  surface  may  intersect  the  shadow  at  a  point  within  its 
Textex ;  and  since  the  length  of  the  shadow  when  least,  is  less  than 
the  moon's  distance  from  the  surface  of  the  earth  when  greatest, 
the  vertex  of  the  shadow  may  pass  between  the  moon  and  &e  evth 
without  touching  the  surfiice.  In  the  former  case,  there  unll  be  a 
total  solar  eclipse  at  all  places  within  the  section  of  the  shadow 
made  by  the  earth's  surface,  and  in  the  latter,  there  will  be  an  an- 
nular eclipse  at  all  places  within  the  section  of  the  cone  a/af^Jig. 
801,  formed  by  the  continuation  of  the  cone  of  the  shadow  beyond 
its  vertex/. 

The  extreme  distance  of  the  vertex  of  the  cone  /,  fy,  800,  within 
the  surface  of  the  earth,  in  the  case  of  a  total  eclipse,  wiU  evidently 
be 


219546  —  217327=2218. 

and  the  extreme  distance  of  the  vertex/^.  799,  of  the  oone  from 
the  surfiice,  in  case  of  an  annular  eclipse,  is 

iim«t. 
247797  —  212272  =  36526. 

Thus,  the  vertex  of  the  shadow,  when  directed  to  the  earth's  centre, 

ranges  from  2218  miles  below  the  surface  to  36,525  miles  above  it. 

Since  the  sur&ce  of  the  earth  cuts  off  about  the  100th  part  of 


BCLIPSS8,  TRANSITS,  AND  OCGULTATIONa  417 

the  length  of  the  sliadow,  the  diameter  of  the  cuodar  ehedow  pro* 
jeeted  upon  the  earth,  which  ia  the  Becti(«  of  the  conioal  shadowi 
is  about  the  100th  part  of  the  moon's  diameter^  or  about  20  miles, 
which,  however,  is  increased  by  the  eiffeot  of  the  curvature  of  the 
earth,  and  considerably  so  by  the  obliquity  of  its  surface  to  the  axis 
of  the  shadow. 

In  the  same  manner  it  may  be  shown,  that  the  diameter  of  the 
circle  over  which  the  eclipse  may  be  annular,  measured  at  right 
angles  to  the  axis  of  the  shadow,  is  about  the  sixth  part  of  the  diam- 
eter of  the  moon,  which  in  like  manner  is  augmented  by  curvatmre 
and  obliquity. 

2922.  Sdar  edipiic  limits.  —  The  moon's  orbit  being  inclined  to 
the  ecliptic,  at  an  angle  of  5^,  and,  consequently,  the  distance  of  the 
moon's  oentre  from  the  ecliptic  vaxying  in  each  month  from  0^  to 
5^,  while  the  interposition  of  the  moon  faf tween  any  place  on  the 
earth  and  the  sun  requires  that  the  apparent  distance  of  their  centres 
should  not  exceed  the  sum  of  their  apparent  semi-diameters,  which 
never  much  exceed  half  a  decree,  it  is  clear  that  an  eclipse  can 
never  happen  except  when,  at  Uie  time  of  conjunction,  the  apparent 
distance  of  the  moon's  centre  from  the  ecliptic  is  within  that  hmit ;  a 
condition  which  can  only  be  infilled  within  certain  small  distances 
of  the  moon's  nodes. 

There  is  a  certain  distance  from  the  moon's  node,  h^fond  which 
a  solar  eclipse  is  impouibley  and  a  certain  lesser  distance,  vfiihin 
which  that  phenomena  is  inevitahle.  These  distances  ve  called  the 
solar  scLiPTio  limits. 

The  mere  inspection  of  Jig.  799,  will  show  that  no  solar  eclipse 
can  take  place  unless  some  part  of  the  globe  of  the  moon  pass  within 
the  lines  b  a  and  V  a'y  which  touch  externally  the  globes  of  the  sun 
and  earth.  It  follows,  therefore,  that  the  major  limit  of  the  distance 
of  the  moon's  centre  from  the  ecliptic,  or  its  latitude  at  the  time  of 
oonjnnction,  which  is  compatible  with  the  occurrence  of  an  eclipse, 
is  mV,  or  what  is  the  same,  the  angle  ml  a!</.  Let  this  angle  be 
expressed  by  i^  and  we  have 

L  =  m'a'n' -f  «' tf't  +  «a^</ 
But  by  the  principle  of  geometry, 

$cld  =  oVc — oltej 
and  therefore, 

h  =  m^<;fn'  +  n'al9  +  </ </ e — a^se. 

But  m'atnl  and  W al s  are  the  apparent  aemi-diameters  of  the  snii 
and  moon, and aVeanda'«e  are  their  horiaontal  parallaxes, respec- 
tively. If  the  former  be  expressed  by  s  and  4^,  and  the  latter  by  k 
and  h'j  we  shall  have 

L=  «  +  •-♦- A'—*. 
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It  follovrs,  therefore,  that  a  solar  eclipse  cannot  take  place,  tmleM 
the  latitude  of  the  moon  at  conjuDction  he  less  than  the  sum  of  the 
apparent  semi-diameters  of  the  sun  and  moony  added  to  the  difierenoe 
of  their  horizontal  parallaxes. 

But  since  all  these  quantities  vary  between  a  certain  major  and  a 
certain  minor  limit,  an  eclipse  will  be  possible  or  certain,  according 
as  the  moon's  latitude  at  conjunction  is  within  the  one  limit  or  the 
other.  If  the  latitude  be  within  the  major  limit,  a  solar  eclipse  majf 
take  place ;  and  if  the  several  quantities  have  such  values  as  fulfil 
the  above  condition,  it  toill  take  place.  If  the  latitude  be  within 
the  minor  limit,  an  eclipse  must  take  place;  becausci  whatever  be 
their  values,  thej  most  fulfil  the  condition. 

2928.  Extreme  and  mean  values  of  semi-diameters  and  horizon' 
ted  parallaxes  of  sun  and  moon,  —  The  extreme  and  mean  values 
of  these  quantities,  which  are  very  important  in  the  theory  of 
eclipses,  and  other  parts  of  practical  astronomy,  are  given  in  the  fol- 
lowing table : — 


AnniinnittftiiilMlliunfftwof  Ran  ............ 

o^... 

ImM. 

M^ 

16'  18" 
16  46 
0  8-76 
61  18 

16' 46 
14  44 

0  8-46 
68  68 

M-i-e" 

16  46 
0  8-00 
6T8S 

Ammmit  flfmMlftinvf  of  Ifo^m 

Hnrisontftl  DftrftllftX  of  Sun ■■ 

nnmtmtmtmi  n*Mll&v  nf  Mftnn  

The  major  limit  of  h  will  therefore  be 

and  the  minor  limit 

L"=P24'19". 

To  determine  the  distances  firom  the  node,  which  correspond  to 

ihese  limits  of  the  moon's  latitude 
at  conjunction,  let  n  m  Bf',  Jig,  802, 
represent  a  part  of  the  moon's 
path,  N  8  s'  a  part  of  the  ecliptic, 
M  8  the  major,  and  m'  ef  the  minor 
Fig.  802.  limit  of  the  value  of  L.     The  tri- 

angle M  N  8  and  li^  N  s'  are  spheri- 
cal triangles,  and  the  distances  N  8  and  N  sf,  if  rigorously  computed, 
would  require  the  application  of  the  rules  and  formulas  of  spherical 
trigonometry.  No  error  of  importance,  for  the  present  illustration, 
will,  however,  be  entailed  upon  the  results,  by  treating  them  as 
plane  triangles,  and  applying  to  them  the  principles  explained  in 
(2294).     We  shall  then  have 
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MN8=;5^8'48"     M8=:P34'14"     M'8'  =  r24'19", 

»  B  =  1°  34'  14"  X  ?^  =  17**  27'  48", 

N8'=P24'19"X  ?^  =  15<>37'36". 

Thus  it  appears,  that  when  the  distance  from  the  node  at  opposition 
is  greater  than  17^  27'  48",  an  eclipse  cannot,  and  when  less  than 
16^  6'  16",  muH  take  place.  Between  these  limits  it  may  or  may 
not  occor,  aocordiDg  to  the  magnitude  of  the  parallaxes  and  apparent 
diameters. 

Since  the  sun  takes  more  than  a  month  to  move  through  32^  of 
the  ecliptic,  it  follows  that  at  least  one  conjunction  must  take  place 
within  16^  of  each  node,  and  that  one  solar  eclipse,  at  least,  must 
occur  near  each  node,  and  therefore  two,  at  least,  annually.  But  it 
may  happen  that  two  solar  eclipses  shall  occur  at  the  same  node, 
and  this  will  take  place  if  the  moon  be  in  conjunction  at  more  than 
14^",  and  less  than  lb""  37' 36",  from  the  node;  for  in  that  case,  it 
will  be  again  in  conjunction  in  29}  days,  in  which  time  the  sun  will 
move  through  29^,  and  will  therefore  be  at  14t\°  on  the  other  side 
of  the  node,  and  therefore  within  the  ecliptic  limit. 

Thus,  it  is  possible  that  two  solar  eclipses  may  take  place  at  each 
node,  and,  therefore,  four  within  the  year.  But  even  more  is  pos- 
sible ;  for,  as  will  hereafter  appear,  the  nodes  of  the  moon's  orbit 
have  a  retrograde  motion  on  the  ecliptic,  the  consequence  of  which 
is,  that  the  sun  arrives  at  each  node  in  less  than  a  year  after  it  has 
last  passed  through  it,  and  consequently  another  solar  eclipse  may 
happen,  before  the  lapse  of  a  solar  year,  at  the  same  node  at  which 
the  first  occurred. 

2924.  Limits /or  total  and  annular  eclipses, — It  is  evident  that 
no  total  or  annular  eclipse  can  be  witnessed,  unless  the  globe  of  the 
moon  be  fiilly  within  the  tangents  ba  and  5' a'.  Jig.  799.  That 
this  may  take  place,  the  apparent  distance  of  the  moon's  centre  m' 
from  (/  must  be  less  than  n'  o'  by  the  moon's  semi-diameter  m' »', 
so  that  we  shall  have 

Lrsn^a'c/  — n'a'm'  =  <a'6'  +  sa' o' —  n' a'm' ; 

and,  from  what  has  been  explained  above,  this  becomes 

L  =  »  — /-f  A'  — A. 

By  assigniDg  to  these  qnaDtities  the  values  which  render  L 
greatest  and  least,  we  shall  find  that  when  greatest, 

L  =  62'44"  =  P2'44", 
and  when  least, 

L  =  62'49"3 
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and  according  to  the  method  previoosly  applied^  we  find  the  ocare 
spending  distance  from  the  nodes 

N8-lP3r86" 

A  total  or  annular  eclipse  is  therefore  pombUy  if  oonjanction 
takes  place  within  11^  37' 86'',  and  certain^  if  it  takes  plaoe  within 
9^  47'  19"  of  the  node.  It  will  be  total  or  annular,  according  as 
the  apparent  diameter  of  the  moon  is  greater  or  less  than  that  of 
the  sun. 

2925.  Appearance*  attending  total  wHar  eclipse*.  —  A  natural 
consequence  of  the  diffusion  of  knowledge  is,  that  while  it  lessens 
the  vague  sense  of  wonder,  with  which  singular  phenomena  in  na- 
ture are  heheld,  it  increases  the  feeling  of  admiration  at  the  harmo- 
nious laws,  the  development  of  which  renders  easily  intelligible 
effects  apparently  strange  and  unaccountable.  It  may  be  imaeined 
what  a  sense  of  astonishment,  and  even  terror,  the  temporary  £sap- 
pearance  of  an  object  like  the  sun  or  moon  must  have  produced  in 
an  age  when  the  causes  of  eclipses  were  known  only  to  the  learned. 
Such  phenomena  were  regarded  as  precursors  of  divine  vengeance. 
History  informs  us  that  in  ancient  times  armies  have  been  destroyed 
by  the  effects  of  the  consternation  spread  among  them  by  the  sudden 
ooeurrenoe  of  an  eclipse  of  the  sun.  Commanders  wno  happened 
to  possess  some  scientific  knowledge,  have  taken  advantage  of  it  to 
work  upon  the  credulity  of  those  around  them  by  menacing  them 
with  prodi^es,  the  near  approach  of  which  they  were  well  aware 
of,  illustrating  thus,  in  a  singular  and  perverted  manner,  the  maxim 
that  knowledge  is  power.*  / 

The  spectacle  presented  during  a  total  edlpse  is  always  most  im- 
posing. The  darkness  is  sometimes  so  intense  as  to  render  the 
brighter  stars  and  planets  visible.  A  sudden  fall  of  temperature  is 
sensible  in  the  air.  Vegetables  and  animals  comport  themselves 
as  they  are  wont  to  do  after  sunset.  Flowers  close,  and  birds  go  to 
roost.  Nevertheless,  the  darkness  is  different  from  the  natural 
nocturnal  darkness,  and  is  attended  with  a  certain  indescribable  un- 
earthly light,  which  throws  upon  surrounding  objects  a  faint  hue, 
sometimes  reddish,  and  sometimes  cadaverously  green. 

Many  interesting  narratives  have  been  published  by  scientific 
observers,  who  have  been  so  fortunate  as  to  witness  these  pheno- 
mena. 

2926.  Baxl^s  heads.  —  When  the  disk  of  the  moon,  advancing 
over  that  of  the  sun,  has  reduced  the  latter  to  a  thin  crescent,  it 

*  Columbus  ifl  said  to  have  availed  himself  of  his  aoqnaintanee  with 
practical  astronomy  to  predict  a  solar  eclipse,  and  used  the  prediction  as  a 
means  of  establishing  his  authority  over  the  crews  of  his  vessels  who 
showed  indications  of  mutinous  disobedience. 
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was  observed  by  Mr.  Francis  Baily,  that  immediately  before  tbe 
begiDniogy  or  after  the  end  of  complete  obscuration,  the  crescent 
appeared  as  a  band  of  brilliant  points  separated  by  dark  spaces,  so 

Fig.  803. 


Ul. 
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M  to  give  to  it  the  appearance  of  a  string  of  brilliant "  beads."  Tkj 
phenomenon,  which  has  since  been  frequently  re-observed,  thence 
acquired  the  name  of  ^'Baily's  beads." 

Further  observation  showed,  that  before  the  formation  of  the 
'^beads''  the  horns  of  the  crescent  were  sometimes  interrupted  and 
broken  by  bhick  streaks  thrown  across  them. 

These  phenomena  are  roughly  sketohed  in  fys,  803,  804. 

Fig.  805.  Fig.  80S. 


Fig.  807. 


Fig.  808. 


Figs,  805  to  808  are  taken  from  the  original  sketohes  of  Mr. 
Baily,  representing  the  progressive  disappearance  of  the  beads  after 
the  termination  of  the  complete  obscuration. 

2927.  Produced  by  lunar  nwuntatnsy  projected  on  the  sun*8 
disk.  —  These  phenomena  arise  from  the  projection  of  the  edge  of 
the  moon's  disk,  serrated  by  numerous  inequalities  of  the  surface, 
approacbiog  so  close  to  the  exteroal  edge  of  the  sun's  disk,  that 
the  points  of  the  projections  extend  to  the  latter,  while  the  inter- 
mediate spaces  remain  uncovered.  This  may  be  very  appropriately 
illustrated  by  laying  the  blade  of  a  circular  saw,  having  finely-cut 
teeth,  over  a  white  circle  of  nearly  equal  diameter  upon  a  black 
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mnnd.  The  white  parts  between  the  teeth  will  appear  like  a  neck- 
laee  of  white  pearls. 

The  fact,  that  in  some  oases  the  beads  have  not  been  seen,  or  if 
seen,  appeared  in  a  less  conspionous  manner,  may  be  explained  by 
the  greater  or  less  prevalence  of  mountainous  masses,  on  that  part 
of  the  moon's  sur£gtce  which  forms  the  edge  of  its  disk  at  different 
dmes. 

The  beads,  in  general,  disappear  suddenly,  at  the  moment  of  the 
oommencement  of  total  obscuration,  and  reappear  on  the  other  side 
of  the  lunar  disk,  with  a  somewhat  startling,  instantaneous  effect,  at 
the  moment  the  total  obscuration  ceases. 

2928.  Flame-like  protuberances,  —  Immediately  after  the  com- 
meucement  of  the  total  obscuration,  red  protuberances,  resembling 
flames,  appear  to  issue  from  the  edge  of  the  moon's  disk.  These 
appearmnoes,  which  were  first  noticed  by  Yassenius,  on  the  occasion 
of  the  total  solar  eclipse  which  was  visible  at  Gottenberg  on  3rd 
May,  1738,  have  been  re-observed  on  the  occarreoce  of  every  total 
solar  eclipse  which  has  taken  place  since  that  time,  and  constitute 
one  of  the  most  curious  and  interesting  effects  attending  this  class 
of  phenomena. 

2929.  Solar  eclipne  of  1851.  —  A  total  eclipse  of  the  sun  took 
place  on  the  28th  July,  1851,  which  became  a  subject  of  systematic 
observation  by  the  most  eminent  astronomers  of  the  present  day. 
A  considerable  number  of  English  observers,  aided  by  several 
foreigners,  distributed  themselves  in  parties  at  different  points  along 
the  path  of  the  shadow,  so  that  the  chances  of  the  impediments 
that  might  arise  from  unfavourable  conditions  of  the  atmosphere 
might  be  diminished.  The  reports  and  drawings  of  these  various 
obMnrers  have  been  collected  by  the  Royal  Astronomical  Society, 
and  published  in  their  transactions. 

The  Astronomer  Royal,  with  two  assistants,  Messrs.  Dunkin  and 
Humphreys,  authorised  by  the  Board  of  Admiralty,  selected  certain 
parts  of  Sweden  and  Denmark  as  the  most  eligible  station.  Pro- 
fessor Airy  observed  at  Gottenberg,  Mr.  Dunkin  at  Christiana,  and 
Mr.  Humphreys,  assisted  by  Mr.  Miland,  at  Christianstad. 

2930.  Observations  of  the  Astronomer  Royal,  — The  weather  on 
the  whole  proved  favourable  at  Gottenberg.  We  take  from  the 
report  of  the  Astronomer  Royal  the  following  highly  interesting 
pttTtionlars  of  the  progress  of  the  phenomenon. 

**  The  approach  of  the  totality  was  accompanied  with  that  indesoribably 
mytterioua  and  gloomy  appearance  of  the  whole  surrounding  prospect 
which  I  have  seen  on  a  former  occasion.  A  patoh  of  clear  bVUe  skj  in  the 
senith  became  parple-black  while  I  was  gazing  at  it.  I  took  off  the  higher 
power,  with  which  I  had  scrutinized  the  sun,  and  put  on  the  lowest  powei 
(magnifying  about  ^  times).  With  this  I  saw  the  mountains  of  the  moon 
perfectly  welL  I  watched  carefully  the  approach  of  the  moon's  limb  to  the 
tan's  limb,  which  my  graduated  dark  gUuM  enabled  me  to  see  in  great  per* 
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fection;  I  MW  both  limbs  perfectly  well  defined  to  tbe  last,  and  saw  tlie 
line  becoming  narrower  and  the  cusps  becoming  sharper  wiUiont  any  dis- 
tortion or  prolongation  of  the  limbs.  I  saw  the  moon's  serrated  limb  ad- 
vance up  to  the  sun's,  and  the  light  of  the  sun  glimmering  through  the 
hollows  between  the  mountain  peaks,  and  saw  these  glimmering  spots  ex- 
tinguished one  after  another  in  extremely  rapid  succession,  but  without 
any  of  the  appearances  which  Mr.  Baily  has  described.  I  saw  the  sun 
covered,  and  immediately  slipping  off  the  dark  glass,  instantly  saw  the  ap- 
pearances represented  At  a  b  e  d,  fiff.  1,  PI.  XIII. 

**  Before  alluding  more  minutely  to  these,  I  must  advert  to  the  darkness. 
I  have  no  means  of  ascertaining  whether  the  darkness  really  was  greater 
in  the  eclipse  of  1842 ;  I  am  inclined  to  think  that  in  the  wonderful,  and  I 
may  Bay  appalling,  obscurity,  I  saw  the  grey  granite  hills  within  si^t  of 
Hvalas  more  distinctly  than  the  darker  country  surrounding  the  Superga. 
But  whether  because  in  1851  the  sky  was  much  less  clouded  than  in  1842 
(so  that  the  transition  was  from  a  more  luminous  state  of  sky  to  a  dark- 
ness nearly  equal  in  both  cases),  or  from  whatever  cause,  the  suddenness 
of  the  darkness  in  1851  appeared  to  me  much  more  striking  than  in  1842. 
My  friends  who  were  on  the  upper  rock,  to  which  the  path  was  very  good, 
had  great  difficulty  in  descending.  A  candle  had  been  lighted  in  a  lantern 
about  a  quarter  of  an  hour  before  the  totality :  Mr.  Haselgren  was  unable 
to  read  the  minutes  of  the  chronometer-face  without  having  the  lantern 
held  close  to  the  chronometer. 

**  The  corona  was  far  broader  than  that  which  I  saw  in  1842 :  roughly 
speaking.  Its  breadth  was  little  less  than  the  moon's  diameter ;  but  its  out- 
line was  very  irregular.  I  did  not  remark  any  beams  projecting  Arom  it 
which  deserved  notice  as  much  more  conspicuous  than  the  others ;  but  the 
whole  was  beamy,  radiated  in  structure,  and  terminated  (though  very  in- 
definitely) in  a  way  which  reminded  me  of  the  ornament  frequently  placed 
round  a  mariner's  compass.  Its  colour  was  white,  or  resembling  that  of 
Vmtu,  1  saw  no  flickering  or  unsteadiness  of  light.  It  was  not  separated 
from  the  moon  by  any  dark  ring,  nor  had  it  any  annular  structure ;  it  looked 
like  a  radiating  luminous  cloud  behind  the  moon. 

**The  form  of  the  prominences  was  most  remarkable.  That  which  I 
have  marked  (a)  reminded  me  of  a  bomerang.  Its  colour  for  at  least  two- 
thirds  of  its  breadth,  from  the  convexity  towards  the  concavity,  was  full 
lake-red,  the  remainder  was  nearly  white.  The  most  brilliant  part  of  it 
was  the  swell  farthest  from  the  moon's  limb ;  this  was  distinctly  seen  by  ray 
friends  and  myself  with  the  naked  eye.  I  did  not  measure  its  height ;  but 
judging  generally  by  its  proportion  to  the  moon's  diameter,  it  must  have 
been  8^.  This  estimation  perhaps  belongs  to  a  later  period  of  the  eclipse. 
The  prominence  (6)  was  a  pale  white  semi-circle  based  on  the  moon's  limb. 
That  marked  {e)  was  a  red  detached  cloud,  or  balloon,  of  nearly  oiroular 
form,  separate  from  the  moon's  limb  by  a  space  (differing  in  no  way  from 
the  rest  of  the  corona)  of  nearly  its  own  breadth.  That  marked  (d)  was  a 
small  triangular  or  conical  red  mountain,  perhaps  a  little  white  in  the 
interior.  These  were  the  appearances  seen  instantly  after  the  formation 
of  the  totality. 

« I  employed  myself  in  an  attempt  to  delineate  roughly  the  appearaaees 
on  the  western  limb,  and  I  took  a  hasty  view  of  the  country ;  and  I  then 
examined  the  -moon  a  second  time.  I  believe  (but  I  did  not  carefully  re- 
mark) that  the  prominences  abc  had  increased  in  height ;  but  (d)  had  now 
disappeared,  and  a  new  one  («)  had  risen  up.  It  was  impossible  to  see  this 
change  without  feeling  the  conviction  that  the  prominences  belonged  to  the 
son  and  not  to  the  moon. 
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*'  I  again  looked  round,  when  I  saw  a  scene  of  unexpected  beanty.  The 
sonthem  part  of  the  sky,  as  I  have  said,  was  corered  with  uniform  white 
eloud ;  bat  in  the  northern  part  were  detached  olouds  upon  a  ground  of 
clear  sky.  This  clear  sky  was  now  strongly  illuminated  to  the  height  of 
80®  or  35®,  and  through  almost  90**  of  aximuth,  with  rosy-red  light  shining 
through  the  intervals  between  the  clouds.  I  went  to  the  telescope,  with 
tiie  hope  that  I  might  be  able  to  make  the  polarization-observation,  (which, 
M  my  apparatus  was  ready  to  my  grasp,  might  have  been  done  in  three  or 
four  seconds^)  when  I  saw  that  the  tisrra,  or  rugged  line  of  prcjeotionB, 
shown  at  (/),  had  arisen.  This  aierra  was  more  brilliant  than  the  other 
prominences,  and  its  colour  was  nearly  scarlet.  The  other  prominences 
had  perhaps  increased  in  height,  but  no  additional  new  ones  had  arisen. 
The  appearance  of  this  aterra,  nearly  in  the  place  where  I  expected  the  ap* 
pearanoe  of  the  sun,  warned  me  that  I  ought  not  now  to  attempt  any  other 
phyucal  observation.  In  a  short  time  the  white  sun  burst  forth,  and  tb% 
oorona  and  every  prominence  vanished. 

<*  r  withdrew  from  the  telescope  and  looked  round.  The  country  seemed, 
though  rapidly,  yet  half  unwillingly,  to  be  recovering  its  usual  cheerf^l^ 
Bess.  My  eye,  however,  was  oau^t  by  a  duskiness  in  the  south-east,  and 
I  immediately  perceived  that  it  was  the  eclipse-shadow  in  the  air  tnr 
Telling  away  in  the  direction  of  the  shadow's  path.  For  at  least  six  seoondt 
this  shadow  remained  in  sight,  far  more  conspicuous  to  the  eye  than  I  had 
anticipated." 

2931.  ObservatioM  of  Mestn.  Dunkin  and  Mumphreya. — 
Owing  to  the  unfayourable  state  of  the  atmosphere,  the  obsenra^ 
tions  of  the  other  members  of  the  Admiralty  party  were  not  so 
satiafactory  as  those  of  its  chief.  Nevertheless;  both  observers  saw 
the  red  prominences,  though  imperfectly,  as  compared  with  the 
results  of  the  observations  of  the  Astronomer  Royal.  Baily's  beads 
were  seen  by  Mr.  Dunkin,  as  well  before  as  after  the  total  obscu- 
ration. Their  appearance  was  of  intense  brilliancy,  compared  by 
the  observer  to  a  diamond  necklace.  Their  effect  on  the  observer 
was  "  quite  overpowering,''  being  unprepared  for  a  sight  so  mag- 
nificent. 

At  Chrislianstad,  the  planets  Venus,  Mebgurt,  and  Jupitsb, 
and  the  stars  Aroturus  and  Yeqa,  were  visible  during  the  totality 
of  the  eclipse. 

2932.  Ob$ervations  of  TFI  Gray,  at  Tune,  near  Sarpshorg.  — 
This  gentleman  also  saw  Bail/s  beads,  both  before  ana  after  the 
total  obscuration.  He  saw  four  of  the  red  projections,  three  of 
which  are  represented  in^.  2,  pi.  ziii.,  the  fourth  resembling  c  and 
d  in  form,  and  diametrically  opposite  to  a  in  position  on  the  moon's 
limb.  The  apparent  height  of  a  was  estimated  at  1^',  and  its 
breadth  62'',  but  the  altitude  of  this  afterwards  increased  to  1}'. 
There  was  a  dark  shade  in  the  curved  portion,  which  gave  it  a  re* 
semblance  to  a  gas  flame.  The  remainder,  however,  was  rose-red, 
not  uniform,  and  very  pale,  like  the  innermost  parts  of  the  petals 
of  a  rose.  The  red  prominence  opposite  to  a  had  an  apparent  alti- 
tude of  r,  and  a  deeper  red  colour.  The  prominences  c  and  dweiB 
estimated  at  about  5(y'  in  size. 

36* 
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Paring  ihe  totality,  the  light  seemed  like  thai  of  an  evening  m 
August  at  an  hour  and  a  half  after  sunsets 

2933.  Observations  of  Messrs,  Stephenson  and  Andrew*  at 
Fredrichsvaam. — Baily's  beads  were  seen  both  before  and  after  the 
total  obscuration.  The  crescent;  before  disappearing,  was  seen  as  a 
fine  thread  of  light,  which  broke  up  into  fragments,  and  when  it  re- 
appeared, it  gave  the  idea  of  globules  of  mercury  rushing  amongst 
each  other  along  the  edge  of  the  moon.  In  a  second  or  two  a&r 
the  disappearance  of  the  crescent,  a  rose-coloured  flame  shot  out 
from  the  Umb  of  the  moon,  which  in  form  resembled  a  sickle  ;  see 
Jig,  3.  It  increased  rapidly,  and  then  two  other  rose-oolouied  pro- 
minences, above  and  below  it,  started  out,  differing  in  shape,  but 
evidently  of  the  same  character.  Besides  these,  there  were,  as  well 
between  them  as  elsewhere,  around  the  moon's  edge  other  lurid 
points  and  other  indistinct  lines.  The  height  of  the  principal  pro- 
minence was  estimated  at  about  the  twentieth  of  the  moon's  diame- 
ter; that  is,  about  1}'.  The  chief  prominences  looked  like  burning 
volcanoes,  and  the  lurid  points  and  lines  reminded  the  obserrers  of 
dull  streams  of  cooling  lava. 

2934.  Observations  of  Mr,  LasseU  at  TroUhattan  FaHs. — Having 
heard  the  red  prominences  seen  in  the  former  total  eclipses  described 
as  faint  appearances,  the  astonishment  of  the  observer  may  be  ima- 
gined when  he  saw  around  the  dark  disk  of  the  moon,  after  the 
commencement  of  total  obscuration,  prominences  of  the  most  bril- 
liant lake  colour, — a  splendid  pink,  quite  defined  and  hard,^;^.  4. 
They  appeared  not  to  be  absolutely  quiescent.  The  observer  judged 
firom  their  appearance  that  they  belonged  to  the  sun,  and  not  to  the 
moon. 

2936.  Observations  of  Mr.  Bind  at  Eavelsborg,  near  Engdkolm. 
—  Baily's  beads  were  seen,  both  before  and  after  the  total  obscura- 
tion, in  such  a  manner  as  to  leave  no  doubt  of  their  cause  being 
that  already  explained.  In  five  seconds  after  the  commencement 
of  the  total  obscuration,  the  corona  or  glory  around  the  moon's  disk 
was  seen.  Its  colour  seemed  to  be  that  of  tarnished  silver,  brightest 
next  the  moon's  limb,  and  gradually  fading  to  a  distance  equal  to 
one-third  of  her  diameter,  where  it  became  confounded  with  the 
general  tint  of  the  heavens.  Appearances  of  radiation  are  men- 
tioned, similar  to  those  described  by  Professor  Airy. 

"  On  first  viewing  the  snn,"  says  Mr.  Hind,  « irithout  the  dark  glass,  after 
the  commencement  of  totality,  three  rose-coloured  prominences  immedi- 
ately caught  my  eye,  and  others  were  seen  a  few  seconds  later  {fy.  6). 
The  largest  and  most  remarkable  of  them  was  situate  about  b^  north  of 
the  parallel  of  declination,  on  the  western  limit  of  the  moon;  it  was 
straight  through  two-thirds  of  its  length,  but  curred  like  a  sabre  near  the 
extremity,  the  concave  edge  being  towards  the  horizon.  The  edges  were 
of  a  full  rose-pink,  the  central  parts  plainer,  though  still  pink. 

'  Twenty  seconds,  or  thereabouts,  after  the  disappearance  of  the  son,  I 
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Mtimated  its  Iragfh  at  W*  of  arc,  and  on  attentively  watching  it  towardi 
the  end  of  totality,  I  saw  it  materially  lengthened  (probably  to  2^),  the 
moon  baring  apparently  left  more  and  more  of  it  risible  as  she  travelled 
across  the  sun.  It  was  always  curved,  and  I  did  not  remark  any  change 
of  form,  nor  the  slightest  motion  during  the  time  the  sun  was  hidden.  I 
saw  this  extraordinary  prominence /of#r  seconds  after  the  end  of  totaUiyf  but 
at  this  time  it  appeared  detached  firom  the  sun's  limb,  the  strong  white 
light  of  the  corona  intervening  between  the  limb  and  the  base  of  tiie  pro« 
minenoe. 

**  About  10^  south  of  the  above  object,  I  saw,  during  the  totality,  a  de- 
tached triangular  spot  of  the  same  colour,  suspended,  as  it  were,  in  the 
light  of  the  corona,  which  gradually  receded  from  the  moon's  dark  limb, 
as  she  moved  onwards,  and  was,  therefore,  clearly  connected  with  the  sun. 
Its  form  and  position,  with  respect  to  the  large  prominence,  continued 
exactly  the  same  so  long  as  I  observed  it  On  the  south  limb  of  the  moon 
appeared  a  long  range  of  rose-coloured  flames,  which  seemed  to  be  affected 
with  a  tremulous  motion,  though  not  to  any  groat  extent 

**  The  bright  rose-red  of  the  tops  of  these  projections  gradually  faded 
towards  their  bases,  and  along  the  moon's  limb  appeared  a  bright  narrow 
Une  of  a  deep  violet  tint :  not  far  from  the  western  extremity  of  this  long 
range  of  red  flames  was  an  isolated  prominence,  about  4(K^  in  altitude,  and 
another  of  similar  sixe  and  form,  at  an  angle  of  146^  from  the  north 
towards  the  east:  the  moon  was  decidedly  reddish-puiple  at  the  beginning 
of  totality,  but  the  reddish  tinge  disappeared  before  its  termination,  and 
the  disk  assumed  a  dull  purple  colour.  A  bright  glow,  like  that  of  twi- 
light, indicated  the  position  where  the  sun  was  about  to  emerge,  and  three 
or  four  seconds  later  the  beads  again  formed,  this  time  instantaneously, 
but  less  numerous,  and  even  more  irregular,  than  before.  In  five  seconds 
more  the  sun  reappeared  as  a  very  fine  crescent  on  the  sudden  extinction 
of  the  beads." 

2936.  ObtervatwM  of  Mr.  Dawes  near  EngeThdm,  —Mr.  Dawes 
obserred  the  beads,  and  found  all  the  oircomstances  attending  their 
appearance  such  as  to  leave  no  doubt  as  to  the  truth  of  the  cause 
generally  assigned  to  them.  He  observed  the  corona  a  few  seconds 
after  the  commencement  of  the  totality,  and  estimated  its  extreme 
breadth  at  half  the  moon's  diameter,  the  brightness  being  greatest 
near  the  moon's  limb,  and  gradually  decreasing  outwards.  The 
phenomena  of  the  red  protuberances,  witnessed  by  Mr.  Dawes,  are 
so  clearly  and  satisfactorily  described  by  him,  that  we  think  it  best 
here  to  give  the  account  of  them  in  his  own  words^— * 

«<  Throughout  the  whole  of  the  quadrant,  from  north  to  east,  there  was 
no  visible  protuberance,  the  corona  being  uniform  and  uninterrupted. 
Between  the  east  and  south  points,  and  at  an  angle  of  about  176®  from 
the  north  point,  appeared  a  large  red  prominence  of  a  very  regular  conical 
form,  fig.  6.  When  first  seen,  it  might  be  about  ly  in  altitude  from  the 
edge  of  the  moon,  but  its  length  diminished  as  the  moon  advanced. 

**  The  position  of  this  protuberance  may  be  inaccurate  to  a  few  degrees, 
being  more  hastily  noticed  than  the  others.  It  was  of  a  deep  rose  colour, 
and  rather  paler  near  the  middle  than  at  the  edges. 

*'  Proceeding  southward,  at  about  145<>  from  the  north  point,  commenced 
%  low  ridge  of  red  prominences,  resembling  in  outiine  tiie  tops  of  a  very 
irregular  range  of  hills.    The  highest  of  these  probably  did  not  exceed 
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4IK^  This  lidgtf  extended  through  60<>  or  55<>,  and  reached,  therefore,  to 
about  19 T^*  from  the  north  point,  ite  base  being  throughout  formed  by  the 
aharply-deflned  edge  of  the  moon.  The  irregularities  at  the  top  of  the 
ridge  seemed  to  be  permanent,  but  they  certainly  appeared  to  undulate 
from  the  west  towards  the  east ;  probably  an  atmospheric  phenomenon,  aa 
the  wind  was  in  the  west 

**  At  about  220^  commenced  another  low  ridge  of  the  same  character, 
•Dd  extending  to  about  260^,  less  elcTated  than  the  other,  and  alao  less 
Irregular  in  outline,  except  that  at  about  226'*  a  Tciy  remarkable  protu- 
berance rose  from  it  to  an  altitude  of  ly,  or  more.  The  tint  of  the  low 
ridge  was  a  rather  pale  pink ;  the  colour  of  the  more  derated  prominence 
was  decidedly  deeper,  and  its  brightness  much  more  ririd.  hi  form  it 
resembled  a  doff  tusk,  the  coutox  side  being  northwards,  and  the  concare 
to  the  south.  The  apex  was  somewhat  acute.  This  protuberance,  and  the 
low  ridge  connected  with  it,  were  obserred  and  estimated  in  height  towards 
the  end  of  the  totality. 

<<A  small  double-pointed  prominence  was  noticed  at  about  266^,  and 
another  low  one  with  a  broad  base,  at  about  263^'.  These  were  also  of  the 
rose-coloured  tint,  but  rather  paler  than  the  large  one  at  225®. 

**  Almost  directiy  preceding,  or  ai  270<*,  appeared  a  bluntly  triangular 
pink  body,  mupendedt  aa  it  were,  in  the  corona.  This  was  separated  ttom 
the  moon's  edge  when  first  seen,  and  the  separation  increased  as  the  moon 
advanced.  It  had  the  appearance  of  a  large  conical  protuberance,  whoee 
base  was  hidden  by  some  interrening  soft  and  ill-defined  substance,  like 
the  upper  part  of  a  conical  mountain,  the  lower  portion  of  which  wae 
obscured  by  clouds  or  thick  mist  I  think  the  apex  of  this  object  must 
have  been  at  least  1^  in  altitude  from  the  moon's  limb  when  first  seen,  and 
more  than  1^^  towards  the  end  of  total  obscuration.  Its  colour  was  pink, 
and  I  thought  it  paler  in  the  middle. 

**  To  the  north  of  this,  at  about  280°  or  286o,  appeared  the  most  wonder- 
ful phenomenon  of  the  whole.  A  red  protuberance,  of  vivid  brightness 
and  very  deep  tint,  arose  to  a  height  of,  perhaps,  1}^  when  first  seen,  and 
increased  in  length  to  2^  or  more,  as  the  moon's  progress  revealed  it  more 
completely.  In  shape  it  somewhat  resembled  a  TVirKtA  cirmUr,  the  northern 
edge  being  convex,  and  the  southern  concave.  Towards  the  apex  it  bent 
suddenly  to  the  south,  or  upwards,  as  seen  in  the  telescope.  Its  northern 
edge  was  well  defined,  and  of  a  deeper  colour  than  the  rest,  especially 
towards  its  base.  I  should  call  it  a  rich  carmine.  The  southern  edge  was 
less  distinctiy  defined,  and  decidedly  paler.  It  gave  me  the  impression  of 
a  somewhat  conical  protuberance,  partly  hidden  on  its  southera  side  by 
some  intervening  substance  of  a  soft  or  flocculent  character.  The  apex  of 
this  protuberance  was  paler  than  the  base,  and  of  a  purplish  tinge,  and  it 
certainly  had  a  flickering  motion.  Its  base  was,  from  first  to  last,  sharply 
bounded  by  the  edge  of  the  moon.  To  my  great  astonishment,  this  mai^ 
vellous  object  conUnutd  viiibU  for  about  five  teeonde,  as  neariy  as  I  could 
judge,  ttfier  the  tun  begem  to  ret^ppear^  which  took  place  many  degrees  to 
the  south  of  the  situation  it  occupied  on  the  moon's  drcumferenoe.  It 
then  rapidly  faded  away,  but  it  did  not  vanieh  in$tanianeoyotif»  From  its 
extraordinary  size,  curious  form,  deep  colour,  and  virid  brightness,  this 
protuberance  absorbed  much  of  my  attention  ;  and  I  am,  therefore,  unable 
to  state  precisely  what  changes  occurred  in  the  other  phenomena  towards 
the  end  of  the  total  obscuration. 

**  The  arc,  from  about  288o  to  the  north  point,  was  entirely  tree  from 
prominences,  and  also  from  any  roseate  tint." 
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2937.  EffecU  of  total  chicurcUwn  on  mrrounding  otjecU  and 
mxntry.  —  Although  the  different  parties  of  observers  scattered  over 
the  path  of  the  moon's  shadow  were  not  equally  fortunate  in  havinff 
a  clear  unclouded  sky,  they  were  all  enabled  to  observe  and  record 
the  effects  of  the  total  obscuration  upon  the  surrounding  objects 
and  country.  Dr.  Bobertson  of  Edinburgh,  Dr.  Bobinson  of  Ar- 
magh, and  some  others,  witnessed  the  eclipse  from  an  island  off  the 
coast  of  Norway,  in  lat  61^  21',  at  a  point  in  the  path  of  the  axis 
of  the  shadow.  The  precursory  phenomena  corresponded  with  those 
described  by  other  observers.  The  atmosphere  was,  however,  ob- 
scTized  by  douds,  which  appeared  to  rush  down  in  streams  from 
the  place  of  the  sun.  The  sea-fowl  flocked  to  their  customary 
places  of  rest  and  shelter  in  the  rocks.  The  darkness  at  the  moment 
of  total  obscuration  was  sadden,  but  not  absolute ;  for  the  clouds 
had  left  an  open  strip  of  the  sky,  which  assumed  a  dark  lurid 
orange,  which  changed  to  a  greenish  colour  in  another  direction, 
and  shed  upon  persons  and  objects  a  faint  and  unearthly  light 
Lamps  and  candles,  seen  at  fifty  or  sixty  yards  distance,  were  as 
visible  as  in  a  dark  night,  and  the  redness  of  their  light  presented  a 
strange  contrast  with  the  general  green  hue  of  every  thing  around 
them.  ^'The  appearance  of  the  country,''  says  Dr.  Bobertson, 
'^  seen  through  the  lurid,  opening  nnder  the  clouds,  was  most  ap- 
palling. The  distant  peaks  of  the  Tostedals  and  Dorieffeld  moun- 
tains were  seen  still  illuminated  by  the  sun,  while  we  were  in  utter 
darkness.  Never  before  have  we  observed  all  the  lights  of  heaven 
and  earth  so  entirely  confined  to  one  narrow  strip  along  the  horisson, 
—  never  that  peculiar  greenish  hue,  and  never  that  appearance  of 
outer  darkness  in  the  place  of  observation,  and  of  excessive  distance 
in  the  vei^e  of  the  horizon,  caused  in  this  case  by  the  hills  there 
being  more  highly  illuminated  as  they  receded  by  a  less  and  less 
eclipsed  sun.'' 

Mr.  Hind  says,  that  during  the  obscuration  ''the  entire  landscape 
was  overspread  with  an  unnatural  gloom ;  persons  around  him  assumed 
an  unearthly  cadaverous  aspect  \  the  distant  sea  appeared  of  a  lurid  red ; 
the  southern  heavens  had  a  sombre -purple  hue,  the  place  of  the  sun 
being  indicated  only  by  the  corona;  the  northern  heavens  had  an 
intense  violet  hue,  and  appeared  very  near.  On  the  east  and  west 
of  the  northern  meridian,  bands  of  light  of  a  yellowish  crimson 
colour  were  seen,  which  gradually  fad^  away  into  the  unnatural 
purple  of  the  sky  at  greater  altitudes,  producing  an  effect  that  can 
never  be  effaced  from  the  memory,  though  no  description  could 
give  a  just  idea  of  its  awfiil  grandeur." 

At  several  places  in  Pnusia,  where  the  heavens  were  unclouded 
during  the  totid  obscuration,  a  great  number  of  the  more  conspicuous 
stars,  as  well  as  the  planets  Jupiter,  Venus,  and  Mercury,  were 
visible.     Several  flowering  plants  were  observed  to  close  their  Uoa* 
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8oms,  birds  wbioh  had  been  previously  flying  about  disappeared, 
and  domestic  fowls  went  to  roost. 

2938.  Evidence  of  a  9olar  atmo^here.  —  Many  of  the  pbeno- 
mena  attending  total  solar  eclipses  afford  strong  corroboratorj 
evidence  of  the  existence  of  a  solar  atmosphere,  extending  to  a  vast 
height  above  the  luminous  coating  of  the  sun,  the  probability  of 
which  has  been  already  shown  (2550). 

The  corona,  or  bright  ray  or  glory,  surronndinff  the  dark  disk  of 
ihe  moon  where  it  covers  the  sun,  is  observed  to  be  concentric  with 
the  moon  only  at  the  moment  when  the  latter  is  concentric  with  the 
san.  In  other  positions  of  the  moon's  disk,  it  appears  to  be  con- 
centric with  the  sun.  This  would  be  the  effect  produced  by  a  solar 
non-luminous  atmosphere  faintly  reflecting  the  sun's  lieht 

The  corona  supplies  no  exact  data  by  which  the  height  of  the 
solar  atmosphere  thus  faintly  reflecting  light  can  be  ascertuned ;  but 
Sir  J.  Herschel  thinks,  that  firom  the  manner  in  which  the  dimi- 
nution of  light  is  manifested  on  the  sun's  disk,  being  by  no  means 
sudden  on  approaching  the  borders,  but  extending  to  some  distance 
within  the  disk,  the  height  must  not  only  be  great  in  an  absolute 
sense,  but  must  even  be  a  very  considerable  fraction  of  the  sun's 
semi-diameter;  and  this  inference  is  strongly  confirmed  by  the  lumi- 
nous corona  surrounding  the  eclipsed  disk* 

2989.  Probable  catues  of  the  red  emancUums  in  total  solar 
edipses,  —  It  appears  to  be  agreed  generally  among  astronomers 
that  the  red  emanations  above  described  are  solar,  and  not  lunar. 
If  they  be  admitted  then  to  be  solar,  it  is  scarcely  possible  to 
imagine  them  to  be  solid  matter,  notwithstanding  the  apparent  con- 
stancy of  their  form  in  the  brief  interval  during  which  at  any  one 
time  they  are  visible ;  for  the  entire  duration  of  their  visibiiity  has 
never  yet  been  so  much  aft  four  minutes.  To  admit  the  possibility 
of  their  being  solar  mountains  projecting  above  the  luminous  atmo- 
sphere surrounding  the  sun,  and  rising  to  the  height  in  the  exterior 
and  non-luminous  atmosphere  forming  the  corona  necessary  to 
explain  their  appearaace,  we  must  suppose  their  height  to  amount  to 
nearly  a  twentieth  part  of  the  sun's  diameter,  that  is,  to  44,000 
miles. 

The  fiiot  that  they  are  gaseous  and  not  solid  matter  appears, 
therefore,  to  be  conclusively  established  by  their  enormous  mag- 
nitude, the  great  height  above  the  surface  o^  the  sun  at  which  they 
are  placed,  their  fkint  degree  of  illumination,  and  the  circumstances 
of  their  being  sometimes  detached  at  their  base  from  the  visible 
limb  of  the  sun.  These  circumstances  render  it  probable  that  these 
remarkable  appearances  are  produced  by  cloudy  masses  of  extreme 
tenuity,  supported,  and  probably  produced  in  an  extensive  spherical 
shell  of  non-luminous  gaseous  matter,  surrounding  and  rising  above 
the  luminous  surface  of  the  sun  to  a  great  altitude. 
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II.  Lunar  Eclipses. 

2940.  Cause  of  lunar  edipies, — When  the  moon  is  in  oppodtioni 
its  apparent  distance  from  the  plane  of  the  ecliptic  or  its  latitude, 
yaryinf^  from  0^  to  upwards  of  5°,  b  at  times  less  than  the  apparent 
semi-diametcr,  om,  fig.  798,  of  the  section  of  the  earth's  conical 
shadow ;  in  which  case,  falling  more  or  less  within  the  shadow,  it 
will  be  deprived  of  the  sun's  light,  and  will  therefore  be  eclipsed. 

The  circumstances  and  conditions  attending  such  a  phenomenon 
depend  evident! j  oh  the  dimensions  of  the  earth's  shadow,  the  mag- 
nitude of  its  section  at  the  moon's  distance,  and  the  position  of  the 
moon  in  relation  to  it. 

2941.  DimmsionM  of  the  earth's  shadow,  —  Let  s,  h,  s^,  and  ht 
express,  as  before,  the  apparent  semi-diameters  and  horizontal  parol 
lazes  of  the  sun  and  moon,  and  let  s  express  the  semi-angle  e/af 
of  the  couical  shadow,  aud  s'  the  apparent  semi-diameter  oa'n  of 
the  section  of  the  shadow  at  the  moon's  distance.  By  the  common 
principles  of  geometry  we  shall  then  have 

Let  L  express  the  length  a'/  of  the  shadow,  in  semi-diameters  of 
the  earth.     We  shall  then  have  (2297) 

206265      206265 

9  and  h  being  expressed  in  seconds. 

The  mean  value  of  < — h  being  952'',  we  shall  have 

L  =  206. 

2942.  CondttioTis  which  determine  lunar  eclipses.  — As  the  earth 
moves  in  its  orbit  rouud  the  sun,  this  conical  shadow  is  therefore 
constantly  projected  in  a  direction  contrary  to  that  of  the  sun.  The 
axis  i^fifig-  794,  of  the  cone  is  always  in  the  plane  of  the  ecliptic, 
and  its  vertex  /  describes  an  orbit  which  lies  in  the  pUne  of  the 
ecliptic,  outside  that  of  the  earth,  at  a  distance  somewhat  above  206 
semi-diameters  of  the  earth.  Any  body,  therefore,  which  may 
happen  to  be  in  the  plane  of  the  ecliptic,  or  sufficiently  near  to  it, 
and  within  this  distance  of  the  path  of  the  earth,  will  be  deprived 
of  the  sun's  light  while  it  is  within  the  limits  of  the  cone.  The 
moon  being  the  only  body  in  the  universe  which  passes  within  such 
a  distance  of  the  earth,  is  therefore  the  only  one  which  can  be  thus 
obscured. 

At  the  distance  of  the  moon,  which  is  less  than  one-third  of  the 
length  of  the  shadow,  the  section  of  the  dark  cone  is  a  circular  disk, 
the  apparent  semi-diameter  of  which,  according  to  what  has  just 
been  proved,  subtends  an  angle,  the  mean  and  extreme  values  of 
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which  will  be  foaDd  by  ^ving  to  the  qnantities  which  enter  the  pre* 
ceding  formula  for  s',  their  meaD  and  extreme  Tallies. 

The  greatest  Talne  of  fif  will  be  found  by  snbtracting  the  lent 
value  of  the  sum  of  the  horixontal  parallaxes,  and  it  is  therefore 

8'  =  6r27"  — 15'45"  =  45'42". 
Its  least  value  is  found  by  subtracting  the  greatest  value  of  the  sun's 
semi-diameter  from  the  least  values  of  the  horisontal  parallaxes,  and 
it  is  therefore 

^  =  54'  r'  — 16'  18"  =  37'  49". 

The  mean  value  of  s'  is,  in  like  manner, 

b'  =  57'  47"  — 16'  2"  =  41'  45". 

The  section  of  the  shadow  may  therefore  be  regarded  as  a  dark 
disk,  whose  apparent  semi-diameter  varies  between  37' 49^^  and 
45' 42",  and  the  true  place  of  whose  centre  is  on  a  point  on  the 
ecliptic  180°  behind  the  centre  of  the  sun.  A  lunar  eclipse  is  pro- 
duced by  the  superposition,  partial  or  total,  of  this  disk  on  that  of  the 
moon,  and  the  circumstances  and  conditions  which  determine  such 
an  eclipse  are  investigated  upon  the  principles  already  explained. 

By  the  solar  tables,  the  apparent  position  of  the  centre  of  the  son, 
from  hour  to  hour,  may  be  ascertained,  and  the  position  of  the  centre 
of  the  section  of  the  shadow  may  thence  be  inferred.  From  the 
lunar  tables,  the  position  of  the  moon's  centre  being  in  like  manner 
determined,  the  distance  between  the  centres  of  the  section  of  the 
shadow  and  the  moon's  disk  can  be  ascertained.  When  this  distance 
is  equal  to  the  sum  of  the  apparent  semi-diameters  of  the  moon's 
disk  and  the  section  of  the  shadow,  the  eclipse  will  begin  ;  the  mo- 
ment when  the  distance  is  least  will  be  the  middle  of  tho  eclipse, 
and  the  line  of  greatest  obscuration ;  and  when  the  distance  between 
the  centres  increasing  becomes  sgain  equal  to  the  sum  of  the  apparent 
semi-diameters,  the  eclipse  will  terminate.  The  computation  of  all 
these  conditions,  and  the  time  of  their  occurrence,  presents  no  other 
difficulty  than  those  of  ordinary  arithmetical  calculation. 

The  magnitude  of  the  eclipses  is  measured,  like  that  of  the  sun, 
by  the  difference  between  the  sum  of  the  semi-diameters  and  the 
distance  between  the  centres. 

The  occurrence  of  a  total  eclipse,  and  the  moment  of  its  com- 
mencement, if  it  take  place,  are  determined  by  the  distance  between 
the  centre  of  the  shadow  and  that  of  the  moon  becoming  equal  to 
the  difference  between  the  semi-diameter  of  the  shadow  and  that  of 
the  moon.  Thus,  a  total  eclipse  will  take  place  if  the  moon's  lautude 
in  L  in  opposition  be  less  than 

L  =  s'  —  /  =  (/i  +  A')  —  («  +  «')> 
that  is,  less  than  the  difference  between  the  sum  of  the  horisontal 
parallaxes  and  the  sum  of  the  semi  diameters. 
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Since  the  sum  of  the  horizontal  parallaxes,  even  when  least,  is 
much  greater  than  the  sum  of  the  apparent  semi-diameters,  even 
when  greatest,  a  total  eclipse  of  the  moon  is  always  possible,  pro- 
vided the  centre  of  the  moon  approaches  near  enough  to  the  centre 
of  the  shadow,  and  for  the  same  reason  an  annual  lunar  eclipse  is 
impossible. 

2943.  Lunar  ecliptic  limits.  —  That  a  lunar  eclipse  may  take 
place,  it  is  necessary  that  the  moon,  when  in  opposition,  should 
approach  the  ecliptic  within  a  distance  less  than  the  sum  of  the 
apparent  semi-diameters  of  the  moon  and  the  section  of  the  shadow. 
Let  its  latitude  in  opposition  be  L,  the  limiting  value  of  this  will  be 

j/  =  h  +  h'  +  if  —  8. 

If  the  latitude  of  the  moon  be  ]ess  than  this  (which  is  the  sum 
of  the  semi-diameters  of  the  moon  and  shadow)  an  eclipse  must 
take  place. 

But,  as  in  the  case  of  solar  eclipses,  the  quantities  composing  this 
being  yariable,  the  limit  itself  is  variable.  If  such  values  be 
assigned  to  the  component  quantities  as  to  render  l'  the  greatest 
possible,  we  shall  obtain  the  latitude  within  which  an  eclipse  is  pos- 
sible. If  such  values  be  assigned,  as  will  render  l'  the  least  pos- 
sible, we  shall  obtain  the  latitude  within  which  an  eclipse  is 
inevitable. 

To  obtain  the  major  limit,  we  must  take  the  greatest  value  of  h, 
h',  and  /,  and  the  least  value  of  s.     This  will  give 

j/  «  6r  27"  +  16'  46"  —  15'  46"  =  V  2'  28" ; 

and  to  obtain  the  minor  limit,  we  must  assign  the  least  values  to 
h,  h',  and  ^,  and  the  greatest  to  «,  which  will  give 

L'  =  54'  7"  +  14'  44"  —  16'  18"  =  52'  83". 

The  corresponding  distances  from  the  node^  determined  in  the  same 
manner  as  in  the  case  of  the  solar  ecliptic  limits,  will  be,  for  the 
major  limit, 

NB  =  IP  34' 38", 

and  for  the  minor  limit, 

n' 8  =  9^  24' 22". 

If  the  moon  in  opposition  be  within  11®  34'  88"  of  its  node, 
therefore,  a  lunar  eclipse  may  take  place,  and  will  do  so,  if  the  ap- 
parent diameters  and  parallaxes  have  the  necessary  values;  but  if 
it  take  place  within  9®  24'  22"  of  the  node,  an  eclipse  must  take 
place,  because  the  same  quantities  must  be  within  the  requisite 
limits. 

Since  the  sun  moves  through  these  limits  on  each  side  of  the 
node,  in  from  18^  to  22}  days,  it  may  happen  that  within  the  time 

III.  37 
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no  opposition  may  take  place  at  either  node,  and  consequently  that 
no  luDar  eclipse  may  take  place  within  the  year. 

2944.  Limits  /or  a  total  edipse.  —  It  has  heen  explained  that  a 
total  eclipse  can  only  take  place  when  the  moon's  latitude  in  oppo- 
sition is  less  than 

L  =  (A  +  Ao  -  (« +  n- 

To  determine  the  limit  within  which  a  total  eclipse  is  potsMey  we 
must  assign  to  A  -f-  A'  its  greatest^  and  to  «  +  ?  its  ieaat^  Talae. 
These  give 

L'  =  (6r  27")  —  (30'  29")  =  3(y  58". 

The  distance  from  the  node  corresponding  to  this  is  therefore 

MS  ==  (3(y  580  X  j^  =  5*'44'21". 

To  determine  the  limit  within  which  a  total  eclipse  is  inevitable, 
we  must  assign  to  A  +  A'  its  least,  and  to  «  +  <'  its  greatest^  valae. 
Theiegive 

l"  =  (54'  7")  —  (33'  4")  =  21'  3", 

and  the  oorrespondmg  distance  from  the  node  is 

n'b'  =  (21'8")  X  ^J^  =  8^65'5". 

When  the  distance  from  the  node  at  opposition,  therefore,  is 
greater  than  5^  44'  21",  a  total  eclipse  cannot,  and  when  less  than 
8^  54'  5",  it  must,  take  place.  Between  these  limits  it  may  or  may 
not  occur,  according  to  the  magnitude  of  the  parallaxes  and  apparent 
diameters. 

2945.  Greateti  duration  of  total  edipse, — ^The  duration  of  a  total 
eclipse  depends  on  the  distance  over  which  the  centre  of  the  moon's 
disk  moves  reladvely  to  the  shadow  while  passing  from  the  first  to 
the  last  internal  contact.  This  may  vary  from  0  to  twice  the  greatest 
possible  distance  of  the  moon's  centre  from  the  centre  of  the  shadow 
at  the  moment  of  internal  contact,  that  is,  to 

2l'  =  2(A+A')  — 2(«+0i 
and  this  at  its  greatest  value  is,  as  has  been  already  shown, 
2l'  =  2x  (30' 58")  =  61' 56" j 

and  since  the  moon's  centre  moves  synodically  through  half  a  minute 
of  space  in  each  minute  of  time,  the  interval  necessary  to  move  over 
61'  56"  will  be  two  hours  and  four  minutes,  which  is  therefore  the 
greatest  possible  duration  of  a  total  lunar  eclipse. 

2946.  Rdativt  number  of  woiar  and  lunar  eclipses.  —  It  will  be 
evident,  from  what  has  been  explained,  that  the  frequency  of  solar 
IS  much  greater  than  that  of  lunar  eclipses,  since  two  at  least  of  tha 
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former  mtuf,  and  five  may,  take  place  within  the  year,  while  not 
one  of  the  latter  may  occur.  Nevertheless,  the  number  of  lunar 
which  are  exhibited  at  any  given  place  on  the  earth  ia  greater  than 
that  of  solar  eclipses,  because,  although  the  latter  occur  with  so  much 
greater  frequency,  they  are  seen  only  within  particular  limits  on  the 
earth's  surface. 

2947.  Effuctt  of  the  earth's  penumbra,  —  Long  before  the  moon 
enters  within  the  sides  of  the  cone  of  the  shadow,  it  enters  the  pe- 
numbra, and  is  partially  deprived  of  the  sun's  light,  so  as  to  render 
the  illumination  of  its  surface  sensibly  more  fiunt  When  once  it 
pasfles  within  the  line  a'j^^fig,  799,  forming  the  external  limit  of 
the  penumbra,  it  ceases  to  reeeive  light  from  that  part  of  the  sun 
which  is  near  the  limb  &.  As  it  advances  closer  to  a'/,  the  edge 
of  the  true  shadow,  more  and  more  of  the  solar  rays  are  interoepteil 
by  the  earth ;  and  when  it  approaches  the  edge,  it  is  only  illumi- 
nated by  a  thin  crescent  of  the  sun,  visible  from  the  moon  over  the 
edge  of  the  earth  at  a!.  It  might  be  thus  inferred,  that  the  obscu- 
ration of  the  moon  is  so  extremely  gradual,  that  it 
would  be  impossible  to  perceive  the  limitation  of  the 
shadow  and  penumbra.  Nevertheless,  such  is  the 
splendour  of  the  solar  light,  that  the  thinnest  crescent 
of  the  sun,  to  which  the  part  of  the  moon's  surface 
near  the  edge  of  the  earth's  shadow  is  exposed,  pro- 
duces a  degree  of  illumination  which  contrasts  so 
strongly  wiu  the  shadow  as  to  render  the  boundary 
of  the  latter  so  distinct,  that  the  phenomenon  pre- 
sents one  of  the  most  striking  evidences  of  the  ro- 
tundity of  the  earth,  the  form  of  the  shadow  being 
accurately  that  which  one  globe  would  project  upon 
another. 

2948.  Effects  of  refraction  of  (he  earth's  c^mo- 
sphere  in  total  eclipse,  —  If  the  earth  were  not  sur- 
rounded with  an  atmosphere  capable  of  refracting  the 
sun's  light,  the  disk  of  the  moon  would  be  absolutely 
invisible  after  entering  within  the  edge  of  the 
shadow.  For  the  same  reason,  however,  that  we 
continue  to  see  the  sun's  disk,  and  receive  its  rays 
after  it  has  really  descended  below  the  horixon,  an 
observer  placed  upon  the  moon,  and  therefore  the  sur- 
face of  the  moon  itself,  must  continue  to  receive  the 
sun's  rays  after  the  interposition  of  the  edge  of  the 
earth's  disk  as  seen  from  the  moon.  This  refracted 
light  falling  upon  the  moon  after  it  has  entered  within 
Fig.  809.  the  limits  of  the  shadow,  produces  upon  it  a  peculiar 
illumination,  corresponding  in  faintness  and  colour  to 
the  rays  thus  transmitted  through  the  earth's  atmosphere. 
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To  render  this  more  clear,  let  e  ^y  fig.  809,  represent  a  diameter 
of  the  earth  at  right  angles  to  the  axis  /  of  the  shadow,  and  let 
a  cS  represent  the  limits  of  the  atmosphere.  Let  <  e/  he  the  ray 
proceediog  from  the  edge  of  the  sun,  and  forming  therefore  the 
Doundary  of  the  shadow,  considered  without  reference  to  the  atmo- 
sphere. Bat  the  solar  rays  in  passing  through  the  convex  shell  of 
air,  hetween  a  and  «,  are  affected  as  they  would  he  hy  a  convex  lens 
composed  of  a  transparent  refracting  medium  (1028),  and  are 
therefore  rendered  convergent,  so  that  the  ray  %  e,  instead  of  passing 
directly  to  m,  will  he  hent  inwards  towards  m',  while  the  ray  which 
really  passes  from  «  to/is  one  which  comes  in  the  direction  /«,  and 
therefore  from  a  point  within  the  sun's  disk.  The  moon's  disk, 
therefore,  or  any  point  of  it  which  is  within  the  angle  mem^,  will 
receive  this  refracted  light,  and  will  he  illuminated  hy  it  in  accord- 
ance with  its  colour  and  intensity. 

The  deflection  which  a  solar  ray  suffers  in  passing  through  the 
atmosphere  towards  e  on  the  side  of  the  sun,  is  equal  to  the  hori- 
Bontal  refraction,  and  as,  according  to  the  principles  of  optics  (10S4), 
it  suffers  an  equal  refraction  in  passing  out  on  the  other  side,  the 
total  deflection,  which  is  measured  hy  the  angle  mem'^  is  twice  the 
horizontal  refraction.  But  the  mean  value  of  the  horizontal  refrac- 
tion heing  33',  the  mean  value  of  the  angle  mem'  will  he  66'.  But 
since  the  greatest  value  of  m  « o  is  45^  42"  (2942),  it  follows  that 
the  refracted  ray  e  m'  will  fall  upon  the  section  of  the  shadow  at  a 
point  heyond  its  centre ;  and  since  the  same  will  take  place  at  all 
points  around  the  shadow,  it  follows  that  the  entire  section  will  he 
more  or  less  illuminated  hy  the  light  thus  refracted  :  the  intensity 
of  such  illumination  increases  from  the  centre  towards  the  borders. 

2949.  The  lunar  disk  visthle  during  total  obscuration,  —  When 
the  moon's  limb  first  enters  the  shadow  at  fit,  the  contrast  and  glare 
of  the  part  of  the  disk  still  enlightened  by  the  direct  rays  of  the 
sun  render  the  eye  insensible  to  the  more  feeble  illumination  pro- 
duced upon  the  eclipsed  part  of  the  disk  by  the  refracted  rays.  As, 
however,  the  eclipse  proceeds,  and  the  magnitude  of  the  part  of  the 
disk  directly  enlightened  decreases,  the  eye,  partly  relieved  from 
the  excessive  glare,  begins  to  perceive  very  faintly  the  eclipsed 
limb,  which  is  nevertheless  visible  from  the  beginning  in  a  telescope, 
in  which  it  appears  with  a  dark  grey  hue.  When  the  entire  disk 
has  passed  into  the  shadow,  it  becomes  distinctly  visible,  showing  a 
gradation  of  tints  from  a  bluish  or  greenish  on  the  outside  to  a 
gradually  increasing  red,  which,  farther  in,  changes  to  a  colour 
resembling  that  of  incandescent  iron  when  at  a  dull  red  heat.  As 
the  lunar  disk  approaches  the  centre  of  the  shadow,  this  red  line 
is  spread  all  over  it.  Its  illumination  in  this  position  is  sometimes 
BO  strong  as  to  throw  a  sensible  shadow,  and  to  render  distinctly 
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▼isible  in  the  telescope  the  lineaments  of  light  and  shadow  upon  its 
surface. 

These  effects  are  altogether  similar  to  the  socoession  of  tints 
developed  in  our  atmosphere  at  snnset,  and  arise,  in  &ot,  from  the 
same  cause,  operating,  however,  with  a  two-fold  intensity.  The 
solar  rays  traversing  twice  the  thickness  of  air,  ihe  blue  and  green 
lights  are  more  effectually  absorbed,  and  a  still  more  intense  red  is 
Imparted  to  the  tints  transmitted.  Without  pursuing  these  conse- 
quences further  here,  the  student  will  find  no  difficulty  in  tracing 
them  in  tbe  effects  of  sunset  and  of  sunrise,  and  of  evening  and 
morning  twilight 

nL   EciiiPSES;  Transits,  and  Ocoultations  of  thx  Jovian 

Ststsm. 


2950. 


The  motions  of  Jupiter  and  his  satellites,  as  seen  from  the 
earth,  exhibit,  from  time  to  time,  all  the 
effects  of  interposition. 

Let  J  ^jfig.  810,  represent  the  planet, 
j/j'  its  conical  shadow,  <  /  the  sun,  X 
and  l!  the  positions  of  the  earth  when 
the  planet  is  in  quadrature,  in  which 
position  the  shadow  j/j'  is  presented 
with  least  obliquity  to  the  visual  line, 
and  therefore  least  foreshortened,  and 
most  distinctly  seen.  Let  hV  d*  d  repre- 
sent the  orbit  of  one  of  the  satellites, 
the  plane  of  which  coincides  nearly  with 
that  of  the  planet's  orbit,  and,  for  the 
purposes  of  the  present  illustration,  the 
latter  may  be  considered  as  coinciding 
with  the  ecliptic  without  producing  sen> 
nble  error. 

From  s  suppose  the  visual  lines  B  z 
and  B  j'  to  be  drawn,  meeting  the  path 
of  the  satellite  at  d  and  ^,  and  at  a'  and 
Vj  and,  in  like  manner,  let  the  corres- 
ponding visual  lines  from  s'  meet  it  at 
<f  and  </,  and  at  a'  and  V,  Let  e  and 
d  be  the  points  where  the  path  of  the 
satellite  crosses  the  limits  of  the  shadow, 
and  A  and  A'  tbe  points  where  it  crosses 
the  extreme  solar  rays  which  pabs  along 
those  limits. 

If  I  express  the  length  j/  of  the 
shadow,  d  the  distance  of  the  planet 
£rom  the  sun  in  semi-diameters  of  the 
S7# 
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planet,  and  r  and  f^  the  semi-diameters  of  the  sun  and  the  planet 
respectivelj,  we  shall  have  (2917) 

l^dX  -^. 

r  —  r 

But 

d  =  11227  r  =  441000  /  =  4400, 

and  therefore 

^=11227X535^  =  1247; 

that  is  to  say,  the  length  of  the  shadow  is  1247  semi-diameters  of 
the  planet.  Now,  since  the  distance  of  the  most  remote  satellite  is 
not  so  much  as  27  semi-diameters  of  the  planet  (2760),  and  since 
the  orbits  of  the  satellites  are  almost  exactly  in  the  pkne  of  the 
orbit  of  the  planet,  it  is  evident  that  they  will  necessarily  pass 
through  the  shadow,  and  almost  through  its  axis,  every  revolution, 
and  the  lengths  of  their  paths  in  the  shadow  will  be  very  little  less 
than  the  diameter  of  the  planet. 

The  fourth  satellite,  in  extremely  rare  cases,  presents  an  excep- 
tion to  this,  passing  through  opposition  without  entering  the  shadow. 
In  general,  however,  it  may  be  considered  that  all  the  satellites  in 
opposition  pass  through  the  shadow. 

2951.  Effects  of  mterpontian, — The  planet  and  satellites  ex- 
hibit, from  time  to  time,  four  different  effects  of  interposition. 

2952.  Ist.  Eclipses  of  the  satellites.  —  These  take  place  when 
the  satellites  pass  behind  the  planet.  Their  entrance  into  the 
shadow,  called  the  imiTiersion,  is  marked  by.  their  sudden  extinction. 
Their  passage  out  of  the  shadow,  called  their  emersion,  is  manifested 
by  their  being  suddenly  relighted. 

2953.  2nd.  Eclipses  of  the  planet  hy  the  satellites.  —  When  the 
satellites,  at  the  periods  of  their  conjunctions,  pass  between  t^e 
lines  s  J  and  /  f,  their  shadows  are  projected  on  the  surface  of  the 
planet  in  the  same  manner  as  the  shadow  of  the  moon  is  projected 
on  the  earth  in  a  solar  eclipse,  and  in  this  case  the  shadow  may  be 
seen  moving  across  the  disk  of  the  planet,  in  a  direction  parallel  to 
its  belts,  as  a  small  round  and  intensely  black  spot. 

2954.  3rd.  Occuhations  of  the  satellites  by  the  planet.  —  When 
a  satellite,  passing  behind  the  planet,  is  between  the  tangents  it  J  a' 
and  E  j'  l/f  drawn  from  the  earth,  it  is  concealed  from  the  observer 
on  the  earth  by  the  interposition  of  the  body  of  the  planet.  It 
suddenly  disappears  on  one  side  of  the  planet's  disk,  and  as  sud- 
denly reappears  on  the  other  side,  having  passed  over  that  part  of 
its  orbit  which  is  included  between  the  tangents.  This  phenomenon 
is  called  an  occultation  of  the  satellite. 

2955.  4th.   TrannU  of  the  satellites  over  the  planet,  — When  a 
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flatellite,  being  between  the  earth  and  planet,  passes  between  the 
tangents  s  J  and  £  j',  drawn  from  the  earth  to  the  planet,  its  disk  is 
projected  on  that  of  the  planet,  and  it  may  be  seen  passing  across, 
as  a  small  brown  spot,  brighter  or  darker  than  the  ground  on  which 
it  is  projected,  according  as  it  is  projected  on  a  dark  or  bright  belt 
The  entrance  of  the  satelli&  upon  the  disk,  and  its  departure  from 
it,  are  denominated  its  ingress  and  egress. 

2956.  All  these  phenomena  manifested  at  quadrature.  —  When 
the  planet  is  in  quadrature,  and  the  shadow  therefore  presented  to 
the  visual  raj  with  least  effect  of  foreshortening,  all  these  several 
phenomena  may  be  witnessed  in  the  revolution  of  each  satellite. 

The  earth  being  at  s  or  e',  the  visual  line  E  j  or  e'  /  crosses  the 
boundary  a/  or  2;  of  the  shadow  at  a  distance  of  f  or  x  J  from  the 
planet,  which  bears  the  same  ratio  to  its  diameter  as  the  distance  of 
Jupiter  from  the  sun  bears  to  the  distance  of  the  earth  from  the 
sun,  as  is  evident  from  the  figure.  But  Jupiter's  distance  from  the 
sun  being  fLve  times  that  of  the  earth,  it  follows  that  the  distance 
X  J  is  five  diameters,  or  ten  semi-diameters,  of  the  planet.  But 
since  the  distance  of  the  first  satellite  is  only  six,  and  that  of  the 
second  somewhat  less  than  ten,  semi-diameters  of  the  planet,  it  fol- 
lows that  the  paths  of  these  two  will  lie  within  the  distance  x  J 
or  a/y. 

The  planet  being  in  quadrature  90^  behind  the  sun,  the  earth 
will  be  at  e,  and  the  entire  section  c  (/  of  the  shadow,  at  the  dis- 
tances of  the  third  and  fourth  satellites  (which  arc  15  and  27  semi- 
diameters  of  the  planet  respectively),  will  be  visible  to  the  west  of 
the  planet,  so  that  when  these  satellites,  moving  from  b,  as  indi- 
cated by  the  arrow,  pass  through  the  shadow,  their  immersion  and 
emersion  will  be  both  manifested  on  the  west  of  the  planet,  by  their 
sudden  disappearance  and  reappearance  on  entering  and  emerging 
from  the  shadow  at  c  and  c'.  But  the  section  of  the  shadow,  at  the 
distances  of  the  first  and  second  satellites,  being  nearer  to  the  planet 
than  X  xf,  will  be  visible  only  at  its  western  edge,  the  planet  inter- 
cepting the  visual  ray  directed  to  the  eastern  edge.  The  immer- 
sion, therefore,  of  these  will  be  manifested  by  their  sudden  disap- 
pearance on  the  west  of  the  planet,  at  the  moment  of  their 
iiiiniersion ;  but  the  view  of  their  immersion  will  be  intercepted  by 
the  body  of  the  planet,  and  they  will  only  reappear  after  having 
passed  behind  the  planet 

The  third  and  fourth  satellites,  after  emerging  from  the  shadow 
at  c\  and  appearing  to  be  relighted,  will  again  be  extinguished  when 
they  come  to  the  visual  ray  £Ja',  which  touches  the  planet  The 
moment  of  passing  this  ray  is  that  of  the  commencement  of  their 
occultation  by  the  planet  They  will  continue  invisible  until  they 
arrive  at  the  other  tangential  visual  ray  E  j'  h',  when  they  will  sud- 
denly reappear  to  the  east  of  the  planet,  the  occultation  ceasing. 
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Id  the  caaes  of  the  first  and  second  satellites,  the  eommeneement 
of  the  oceultation  preceding  the  termination  of  the  eclipse,  it  is  not 
perceived,  the  satellite  at  the  moment  of  the  interposition  of  the 
edge  of  the  planet  not  having  yet  emerged  from  the  shadow.  In 
these  cases,  therefore,  the  disappearance  of  the  satellite  at  the  com- 
mencement of  the  eclipse,  and  its  reappearance  at  the  termination 
of  the  oceultation,  alone  are  perceived,  the  emersion  of  the  shadow 
being  concealed  by  the  oceultation,  which  has  already  commenced, 
and  the  disappearance  at  the  commencement  of  the  ocoultatioQ  being 
prevented  by  the  eclipse  not  yet  terminated. 

When  the  satellite,  proceeding  in  its  orbit^  arrives  at  A',  its 
shadow  falls  upon  the  planet,  and  is  seen  from  the  earth,  at  B,  to 
move  across  its  disk  as  a  small  black  spot,  while  the  planet  moves 
frt)m  K  to  A. 

When  the  planet  arrives  at  g,  it  passes  the  visual  ray  s  J*,  and 
while  it  moves  from  ^  to  <f,  its  disk  is  projected  on  that  of  the 
planet,  and  a  transit  takes  place,  as  already  described. 

Thus,  at  quadrature,  the  third  and  fourth  satellites  present  suo- 
cessively  all  the  phenomena  of  interposition :  1st,  an  eclipse  of  the 
satellite  to  the  west  of  the  planet  shows  both  immersion  and  emer- 
sion ;  2Dd,  an  oceultation  of  the  satellite  by  the  planet^  the  disap- 
pearance and  reappearance  being  both  manifested ;  3rd,  the  eclipse 
of  the  planet  by  the  satellite;  and  4th,  the  transit  of  the  satellite 
over  the  planet. 

2957.  EffecU  modified  at  other  elangatwM.  —  There  is  a  certain 
limit,  such  as  e,  at  which  the  emersion  of  the  third  and  fourth 
satellites  is  intercepted,  like  that  of  the  first,  by  the  body  of  the 
planet  This  is  determined  by  the  place  of  the  earth  from  which 
the  visual  ray  ej</  is  directed  to  the  eastern  edge  of  the  section  of 
the  shadow  at  the  planet's  distance.  Within  this  limit  the  phe- 
nomena for  the  third  and  fourth  satellites  are  altogether  similar  to 
those  already  explained  in  the  case  of  the  first  and  second  satellites 
seen  from  s. 

When  the  earth  is  between  t  and  /  no  eclipses  can  be  witnessed. 
Those  of  the  satellites  are  rendered  invisible  by  the  interposition  of 
the  planet;  and  those  of  the  planet  by  the  interposition  of  the 
satellites. 

When  the  earth  is  at  e'  and  if,  the  phenomena  are  similar  tti 
those  manifested  at  e  and  E,  but  they  are  exhibited  in  a  difierent 
order  and  direction.  The  oceultation  of  the  satellite  precedes  its 
eclipse,  and  the  bitter  takes  place  to  the  east  of  the  planet  In 
like  manner,  the  transit  of  the  satellite  precedes  the  eclipse  of  the 
planet 

The  student,  aided  by  the  diagram,  and  what  has  been  expluned| 
will  find  no  difficulty  in  tracing  these  and  other  consequences. 
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2958.  Phenomena  predicted  in  Nautical  Almanack, — The 
times  of  the  occnrrenoe  of  all  these  several  phenomena  are  calcu- ' 
lated  and  predicted  with  the  greatest  precision,  and  may  be  fonnd 
registered  in  the  Nautical  Almanack,  with  the  diagrams  for  each 
month,  to  aid  the  observer.  The  mean  time  of  their  oooarrenco  at 
Greenwich  is  there  given,  so  that  if  the  time  at  which  any  of  them 
are  observed  to  occur  in  any  other  place  be  observed,  the  difference 
of  such  local  time  and  that  .registered  in  the  Almanack  will  give 
the  longitude  of  the  place  east  or  west  of  the  meridian  of  Greenwich. 

2959.  Motion  of  light  discoveredy  and  its  velocity  measured  hy 
means  of  these  eclipses,  —  Soon  after  the  invention  of  the  telescope, 
Roemer,  an  eminent  Danish  astronomer,  engaged  in  a  series  of  ob- 
servations, the  object  of  which  was  the  discovery  of  the  exact  time 
of  the  revolution  of  one  of  these  bodies  around  Jupiter.  The  mode 
in  which  he  proposed  to  investigate  this  was,  by  observing  the  suc- 
cessive eclipses  of  the  satellite,  and  noticing  the  time  between  them. 

Now  if  it  were  possible  to  observe  accurately  the  moment  at  which 
the  satellite  would,  after  each  revolution,  either  enter  the  shadow, 
or  emerge  from  it,  the  interval  of  time  between  these  events  would 
enable  us  to  calculate  exactly  the  velocity  and  motion  of  the  satellite. 
It  was,  then,  in  this  manner  that  Koemer  proposed  to  ascertain  the 
motion  of  the  satellite.  But,  in  order  to  obtain  this  estimate  with 
the  greatest  possible  precision,  he  proposed  to  continue  his  observa- 
tions for  sevcmil  months. 

Let  us,  then,  suppose  that  we  have  observed  the  time  which  has 
elapsed  between  two  successive  eclipses,  and  that  this  time  is,  for 
example,  forty-three  hours.  We  ought  to  expect  that  the  eclipse 
would  recur  after  the  lapse  of  every  successive  period  of  forty-three 
hours. 

Imagine,  then,  a  table  to  be  computed  in  which  we  shall  calculate 
and  register  before-hand  the  moment  at  which  every  successive 
eclipse  of  the  satellite  for  twelve  months  to  come  shall  occur,  and 
let  us  conceive  that  the  earth  is  at  a,  at  the  commencement  of  our 
observations;  we  shall  then,  as  Roemer  did,  observe  the  moments 
at  which  the  eclipses  occur,  and  compare  them  with  the  moments 
registered  in  the  table. 

Let  the  earth,  at  the  commencement  of  these  observations,  be 
supposed  at  E,  fig,  756,  where  it  is  nearest  to  Jupiter.  When  the 
earth  has  moved  to  e'',  it  will  be  found  that  the  occurrence  of  the 
eclipse  is  a  little  later  than  the  time  registered  in  the  table. 

As  the  earth  moves  from  l!'  towards  x"',  the  actual  occurrence  of 
the  eclipse  is  more  and  more  retarded  beyond  the  time  of  its  com- 
puted occurrence,  until  at  e"',  in  conjunction,  it  is  found  to  occur 
about  sixteen  minutes  later  than  the  calculated  time. 

By  observations  such  as  these,  Roemer  was  struck  with  the  fact 
that  his  predictions  of  the  eclipses  proved  in  every  case  to  be 
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wrong.  It  wonld  at  first  occur  to  him  that  this  discrepancy  might 
arise  from  some  errors  of  his  observations  *,  but,  if  such  were  the 
case,  it  might  be  expected  that  the  result  would  betray  that  kind  of 
irregularity  which  is  always  the  character  of  such  errors.  Thus  it 
would  be  expected  that  the  predicted  time  would  sometimes  be 
later,  and  sometimes  earlier,  than  the  observed  time,  and  that  it 
would  be  later  and  earlier  to  an  irregular  extent.  On  the  oontraiyy 
it  was  observed,  that  while  the  earth  moved  from  s  to  x^,  the 
observed  time  was  continually  later  than  the  predicted  time,  and, 
moreover,  that  the  interval  by  which  it  was  later  continually  and 
regularly  increased.  This  was  an  effect,  then,  too  regular  and  con- 
sistent to  be  supposed  to  arise  from  the  casual  errors  of  observation ; 
it  must  have  its  origin  in  some  physical  cause  of  a  regular  kind. 

The  attention  of  Roemer  being  thus  attracted  to  the  question,  he 
determined  to  pursue  the  investigation  by  continuing  to  observe  the 
eclipses.  Time  accordingly  rolled  on,  and  the  earth,  transporting 
the  astronomer  with  it,  moved  from  E^'  to  if. 

It  was  now  found,  that  though  the  time  observed  was  later  than 
the  computed  time,  it  was  not  so  much  so  as  at  if" ;  and  as  the 
earth  again  approached  opposition,  the  difference  became  less  and 
less,  until,  on  arriving  at  E,  the  position  of  opposition,  the  observed 
eclipse  agreed  in  time  exactly  with  the  computation. 

From  this  course  of  observation  it  became  apparent  that  the  late- 
ness of  the  eclipse  depended  altogether  on  the  increased  distance 
of  the  earth  from  Jupiter.  The  greater  that  distance,  the  later  was 
the  occurrence  of  the  eclipse  as  apparent  to  the  observers,  and  on 
calculating  the  change  of  distance,  it  was  found  that  the  delay  of 
the  eclipse  was  exactly  proportional  to  the  increase  of  the  ewth's 
distance  from  the  place  where  the  eclipse  occurred.  Thus,  when 
the  earth  was  at  if",  the  eclipse  was  observed  sixteen  minutes,  or 
about  1000  seconds,  later  than  when  the  earth  was  at  B.  The 
diameter  of  the  orbit  of  the  earth,  ee'",  measuring  about  two 
hundred  millions  of  miles,  it  appeared  that  that  distance  produced 
a  deky  of  a  thousand  seconds,  which  was  at  the  rate  of  two  hundred 
thousand  miles  per  second.  It  appeared,  then,  that  for  every  two 
hundred  thousand  miles  that  the  earth's  distance  from  Jupiter  was 
increased,  the  observation  of  the  eclipse  was  delayed  one  second. 

Such  were  the  facts  which  presented  themselves  to  Roemer.  How 
were  they  to  be  explained  ?  It  would  be  absurd  to  suppose  that 
the  actual  occurrence  of  the  eclipse  was  delayed  by  the  increased 
distance  of  the  earth  from  Jupiter.  These  phenomena  depend  only 
on  the  motion  of  the  satellite  and  the  position  of  Jupiter's  shadow, 
and  have  nothing  to  do  with,  and  can  have  no  dependence  on,  the 
position  or  motion  of  the  earth,  yet  unquestionably  the  time  they 
appear  to  occur  to  an  observer  upon  the  earth,  has  a  dependenoe  on 
the  dbtanoe  of  the  earth  from  Jupiter. 
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To  solye  thb  difficalfy,  the  bappy  idea  oocarred  to  Roemer  that 
the  moment  at  which  we  see  the  extinction  of  the  satellite  by  its 
entrance  into  the  shadow  is  not,  in  any  case,  the  very  moment  at 
which  that  event  takes  place,  but  sometime  afterward,  viz.,  such  an 
interval  as  is  sufficient  for  the  light  which  left  the  satellite  just  before 
its  extinction  to  reach  the  eye.  Viewing  the  matter  thus,  it  will 
be  apparent  that  the  more  distant  the  eiurth  is  from  the  satellite, 
the  longer  will  be  the  interval  between  the  extinction  of  the  satel- 
lite and  the  arrival  of  the  last  portion  of  light  which  left  it  at  the 
earth ;  but  the  moment  of  the  extinction  of  the  satellite  is  that  of 
the  commencement  of  the  eclipse,  and  the  moment  of  the  arrival  of 
the  light  at  the  earth  is  the  moment  the  commencement  of  the 
eclipse  is  observed. 

Thus  Roemer,  with  the  greatest  felicity  and  success,  explained 
the  discrepancy  between  the  calculated  and  the  observed  times  of 
the  eclipses ;  but  he  saw  that  these  circumstances  placed  a  great  dis- 
covery at  his  hand.  In  short,  it  was  apparent  that  light  is  propa- 
gated through  space  with  a  certain  definite  speed,  and  that  the 
circumstances  we  have  just  explained  supply  the  means  of  measuring 
that  velocity. 

We  have  shown  that  the  eclipse  of  the  satellite  is  delayed  one 
second  more  for  every  two  hundred  thousand  miles  that  the  earth's 
distance  from  Jupiter  is  increased,  the  reason  of  which  obviously  is, 
that  light  takes  one  second  to  move  over  that  space;  hence  it  is 
apparent  that  the  velocity  of  light  is  at  the  rate,  in  round  numbers, 
of  two  hundred  thousand  miles  per  second. 

By  more  exact  observation  and  calcuktion  the  velocity  is  found 
to  be  192,000  miles  per  second,  the  time  taken  in  crossing  the 
earth's  orbit  being  16m/  26*6s. 

2960.  Eclipses  of  Saturn's  satellites  not  observable,  —  Owing  to 
the  obliquity  of  the  orbits  of  the  Satumian  satellites  to  that  of  the 
primary,  eclipses  only  take  place  at  or  near  the  equinoxes  of  the 
planet,  the  satellites  revolving  nearly  in  the  common  pkne  of  the 
equator  and  the  ring.  When  they  do  take  place,  these  eclipses  are 
so  difficult  of  observatioQ  as  to  be  practically  useless  for  the  deter- 
mination of  longitudes,  and  have,  consequently,  received  but  little 
attention. 

lY.  Transits  or  the  infekior  planets. 

2961.  Conditions  which  determine  a  transit, — When  an  inferior 
planet,  being  in  inferior  conjunction,  has  a  less  latitude  or  distance 
from  the  ecliptic  than  the  sun's  semi-idiameter,  it  will  be  less  distant 
from  the  sun's  centre  than  such  semi-diameter,  and  will  therefore 
be  within  the  sun's  disk.  In  this  case,  the  planet  being  between 
the  earth  and  the  sun,  its  dark  hemisphere  beinff  turned  towards 
the  earth,  it  will  appear  projected  upon  the  sun  s  disk  as  an  in- 
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tensely  black  round  spot.  The  apparent  motion  of  the  planet  being 
then  retrograde,  it  will  appear  to  move  across  the  disk  of  the  son 
from  east  to  west  in  a  line  sensibly  parallel  to  the  ecliptic. 

Such  a  phenomenon  is  called  a  transit,  and  as  it  can  only  take 
place  with  planets  which  pass  between  the  earth  and  snn^  it  is 
limited  to  Venus  and  Mercury. 

Notwithstanding  the  very  small  obliqnity  of  the  orbits  of  these 
planets,  it  is  evident  that  transits  can  only  take  place  when  the 

planet  is  within  an  extremely  small 

. /7'\  "*  distance  of  its  node.     Let  n  be  the 

y*-^^  — (Ij —  node,  Jig.  811,  s  the  centre  of  the 

^^--^        sun's  disk  on  the  ecliptic,  at  the  dis- 

Fig.  811.  tance  n  s  from  the  node  at  which  the 

edge  p  of  the  disk  just  touches  the 

orbit  vp  of  the  planet.     It  is  evident  that  a  transit  caji  only  take 

place  when  the  sun's  centre  is  at  a  less  distance  than  n  <  from  the 

node. 

Let  o  express  the  obliquity  p  N  «  of  the  planet's  orbit.  The  mean 
Taloe  of  the  semi-diameter  sp  of  the  sun  being  16'  or  0^-266,  we 
shall  have  (2294) 

0  0 

The  obliquity  of  Mercury's  orbit  being  1",  we  shall  have 

N,  =  1^  =  2M8  =  2no', 

and  that  of  Yenus'  orbit  being  3^*39,  we  shall  have 
fil®-24 

Thus  the  distances  from  the  node  ^thin  which  the  transits  take 
place,  the  planet  being  in  conjunction,  are  2^  11'  for  Mercury,  and 
4°  SCK  for  Venus. 

2962.  Intervals  of  the  occurrence  of  transits.  —  The  transits  of 
Mercury  and  Venus  are  phenomena  of  rare  occurrence,  especially 
those  of  Venus,  and  they  are  separated  by  very  unequal  intervals. 
The  following  are  the  dates  of  the  successive  transits  of  Mercury 
daring  the  latter  half  of  the  present  century  : — 

1845 May  8. 

1848 Nov.  9. 

1861 Nov.ll. 

1868 Nov.  4. 

1878 May  6. 

Those  of  Venus  occur  only  at  intervals  of  8,  122,  8,  105,  8,  122, 
&c.,  years.  Two  only  will  take  place  in  the  present  centurv — in 
1874  and  1882.  I 
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2968.  The  iun's  distance  determined  hy  the  traruit  of  Venuz,  — 
The  transits  of  Yenos  have  aoqnired  immense  interest  and  ixAport- 
anoBy  from  the  circomstance  of  their  supplying  data  bj  which  the 
son's  distance  from  the  earth  can  be  determined  with  far  greater 
precision  than  by  any  other  known  method.  The  transits  of  Mer^ 
cory  wonld  supply  like  data,  but  owing  to  the  greater  distance  of 
that  planet  from  the  earth  when  in  inferior  conjunction,  the  con- 
ditions affecting  the  data  are  not  nearly  so  favourable  as  those  sup- 
plied by  Venus. 

The  details  of  this  celebrated  problem  are  much  too  complicated, 
and  involve  calculations  too  long  and  intricate,  to  admit  of  being 
folly  explained  here,  but  there  is  no  difficulty  in  rendering  the  prin- 
ciple and  spirit  of  the  solution  intelligible. 

It  will  be  observed  that  although  the  exact  determination  of  the 
absolute  distances  of  the  planets  from  the  sun  be  attended  with  some 
difficulty,  there  is  none  in  the  determination  of  their  relative  dis- 
tances. The  observation  of  their  synodic  motions,  which  may  be 
made  with  great  precision,  supplies  the  data  necessary  for  the  solu- 
tion of  this  problem  (2593),  and  it  is  thus  ascertained  that  the  dis- 
tances of  the  earth  and  Venus  from  the  sun  are  in  the  ratio  of  1000 
to  723. 

It  follows,  therefore,  that  when  Venus  is  directly  interposed  be- 
tween the  earth  and  sun,  as  she  always  must  be  when  a  transit  takes 
place,  the  ratio  of  her  distances  from  the  earth  and  sun  is  that  of 
277  to  723. 

I^*  V,  Jig.  812,  represent  the  place  of  the 
planet  at  conjunction,  and  let  e  e  and  s  s'  be  two 
lines  taken  at  right  angles  to  the  plane  of  the 
ecliptic,  and,  therefore,  to  the  direction  of  the 
planet's  motion.  The  planet  v,  viewed  .from  any 
points,  such  as  p  and  j/j  upon  the  line  e  6^,  will  be 
seen  as  projected  on  corresponding  points  P  and  if 
of  the  line  s  s'.  Now  it  is  evident  that  the  dis- 
tance between  the  points  p  and  p'  will  bear  to  the 
distance  between  the  points  p  and  f/  the  same 
ratio  as  VP  bears  to  vp,  that  is,  723  to  277,  or 
2-61  to  1. 

If,  therefore,  the  distance  between  the  points 
p  and  p'  upon  the  earth  be  known,  or  can  be  as- 
certained (which  it  always,  may  be),  the  distance 
between  the  corresponding  points  P  and  p'  on  the 
sun  will  be 

PP'=^/X  2-61. 

If  the  points  P  and  p'  were  visibly  marked  upon 
the  sun,  so  that  the  apparent  distance  between  them 
38 
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could  be  ezftctlj  measured  with  the  micrometer^  the  linear  Talue  of 
1''  at  the  sun  would  be  ascertained ;  for  if  a  express,  in  seconds, 
the  apparent  distance  between  p  and  p'  thus  asoertainedi  we  ahoold 
have  for  the  linear  value  $  of  1" 

_Pf^ _Pl/  X  2-61 
a  a 

Supplied  with  this  datum,  the  distance  d  of  the  sun  from  the 
earth  would  be  (2294) 


,_PI^  X  2-61 


X  206265. 


If  the  places  of  observation  p  andy  be  not  placed  upon  a  line 
at  right  angles  to  the  ecliptic,  its  projection  on  such  a  line  can  be 
ascertained  by  computation,  and  may  be  substituted  for  it. 

it  is  evident,  therefore,  that  the  problem  is  reduced  to  the  deter- 
mination of  the  apparent  ancle  subtended  at  the  earth  by  the  two 
points  of  the  sun's  disk  P  and  p',  upon  which  the  planet  is  projected 
when  viewed  from  the  two  places  j)  and  i/  upon  the  earth. 

But  since  the  black  spot  formed  by  the  projection  of  the  planet 
b  in  continual  motion  on  the  disk  of  the  sun,  it  would  be  impracti- 
cable to  determine  its  position  at  anv  given  moment  with  the  degree 
of  precision  necessary  to  compare  observations  of  this  delicate  kind 
made  at  distant  places  on  the  earth.  Besides  which,  to  render  the 
observations  made  at  precisely  the  same  moment  of  absolute  time 
comparable,  it  would  be  necessary  that  the  difference  of  the  longi- 
tudes of  the  stations  be  known  with  a  degree  of  precision  not  attain- 
able under  the  circumstances. 

A  happy  expedient,  however,  has  been  imagined  by  which  this 
difficiilty  has  been  effectually  surmounted.  It  will  be  remembered 
that  the  motion  of  the  planet  v  is  at  right  angles  to  the  plane  of 
the  diagram,  and  therefore  to  the  line  ss'  supposed  to  be  drawn 
upon  the  disk  of  the  sun.  The  apparent  paths  of  the  projections 
P  and  p'  of  the  planet  on  the  sun's  disk  will  therefore  be  also  at 
right  angles  to  this  line  8  s',  and  parallel  to  each  other,  being,  in 
fact,  both  parallel  to  the  ecliptic. 

Let  8  f^yjig.  813,  represent  the  disk  of  the  sun 
which  is  at  right  angles  to  the  line  joining  the 
earth  and  planet  with  the  sun's  centre,  and  there- 
fore to  the  plane  of  Jig.  812.  Let  p  and  p',  /y. 
818,  represent  two  points,  upon  which  the  planet 
is  simultaneously  projected,  as  viewed  frona  p 
and  p',  Jig.  812.  Let  s  s'.  Jig.  813,  be  that  diH- 
Fig.  813.  ameter  of  the  sun's  disk  which  is  in  the  plane  of 

the  ecliptic.  The  apparent  paths  of  the  pro- 
jections of  the  planet  on  the  sun's  disk  will  be  parallel  to  8  s',  and 
will  therefore  be  m  n  and  m'  n'.     Now,  if  the  planet,  aa  it  moves, 
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were  (o  leave  a  permanent  mark  upon  the  disk  of  the  sun,  indicating 
the  line  its  projection  followed^  seen  from  each  place,  it  would  be  an 
easy  matter  to  measure  the  apparent  distance  pp'  between  these 
lines,  and  thus  solve  the  problem.  No  such  permanent  mark;  nor 
any  other  visible  indication,  however,  exists. 

The  synodic  motion  of  the  planet,  that  is  to  say,  its  motion  rela- 
tively to  the  sun,  however,  being  computed  and  known  with  the  ut- 
most precision,  this  motion  has,  with  the  sreatest  felicity  and  suo- 
cees,  been  used  as  a  means  of  estimating  the  distances  between  the 
chords  mn  and  m'n'  of  the  sun's  disk,  along  which  the  planet  ap- 
pears to  move.  The  time  taken  at  each  place  by  the  planet  to  move 
over  the  chords  m  n  and  mf  n'  being  exactly  observed,  and  the  rate 
of  the  apparent  motion  of  the  planet  being  exactly  known,  the 
number  of  seconds  in  each  of  the  chords  can  be  ascertained.  From 
these  data  the  length  of  p  f'  may  be  computed.     We  shall  have 

cp'  =  cm*  —  wip" 

cp"=cm'*— m'p^ 
The  distances  c  p  and  c  p'  being  thus  determined,  their  difference 
will  be  PF^,  which  will  therefore  be  known. 
*  To  determine  with  the  necessary  precision  the  duration  of  the 
transit  at  each  place  of  observation,  it  is  necessary  to  ascertain  the 
exact  moment  at  which  the  centre  of  the  planet's  disk  crosses  the 
limb  of  the  sun  at  the  beginning  and  end  of  the  transit;  but  as  the 
centre  of  the  planet's  disk  is  not  marked  by  any  visible  or  distin- 
guishable point,  this  cannot  be  directly  observed.  It  is  ascertained 
by  noting,  as  precisely  as  possible,  the  times  of  external  and  internal 
contact  of  the  planet's  disk  with  the  limb  of  the  sun,  both  at  the 
beginning  and  end  of  the  transit  The  middle  of  the  interval  be- 
tween external  and  internal  contact  in  each  case,  is  the  moment  of 
the  passage  of  the  centre  of  the  planef  s  disk  over  the  limb. 

It  is  evident  that  the  solution  of  this  problem  includes  the  deter- 
mination of  the  horizontal  parallax  of  the  sun  -,  for  the  linear  value 
of  1"  at  the  sun  as  seen  from  the  earth  is  the  same  as  the  linear 
value  of  V  at  the  earth  as  seen  from  the  sun.  By  the  method  just 
explained,  this  is  found  to  be  at  the  mean  distance,  466  miles,  and 
since  the  horizontal  parallax  n  of  the  sun  is  the  angle  which  the 
semi-diameter  of  the  earth  subtends  at  the  sun,  it  is 

8968  _ 

"-166--^  ^ 
and  the  distance  itself  of  the  sun  is 

d  =:  206265  X  466  =  96,119,490  miles. 

In  the  practical  application  of  this  method,  various  circumstances 
are  taken  into  account,  such  as  the  effects  of  the  diurnal  rotadoa  of 
the  earth,  &o. 
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V.    OCCULTATIONS. 

2964.  OccuUation  defined,  —  When  any  celestial  object^  the  snn 
excepted,  is  concealed  by  the  interposition  of  another,  it  is  said  to  be 
OCCULTED,  and  the  phenomenon  is  called  oocultation. 

Strictly  speaking,  a  solar  eclipse  is  an  occoltation  of  the  son  by 
the  moon,  bnt  nsage  has  given  to  it,  by  exception,  the  Dame  of  an 
eclipse. 

2965.  Occultations  hy  the  moon.  —  The  phenomena  of  this  class, 
which  possess  greatest  astronomical  interest,  are  those  of  stars  and 
planets  by  the  moon.  That  body,  measuring  about  half  a  degree 
m  diameter,  moves  in  her  monthly  coarse  so  as  to  occult  erery 
object  on  the  iGirmament  which  is  included  in  a  ssone  extending  to  a 
quarter  of  a  degree  at  each  side  of  the  apparent  path  of  her  centre. 
All  the  stars  whose  places  lie  in  this  zone  are  successively  occulted, 
and  disappearances  and  reappearances  of  the  more  conspicuous  ones, 
as  well  as  those  of  the  planets  which  may  be  found  within  the 
limit's  of  the  same  zone,  present  some  of  the  most  striking  effects 
which  are  witnessed  by  observers. 

The  astronomical  amateur  will  find  in  the  Nautical  Almanack  a 
table  in  which  all  the  principal  occultations,  both  of  stars  and 
pUnets,  are  predicted. 

The  disappearance  takes  place  always  at  the  limb  of  the  moon, 
which  is  presented  in  the  direction  of  its  motion. 

From  the  epoch  of  full  moon  to  that  of  new  moon  the  moon 
moves  with  the  enlightened  edge  foremost,  and  from  new  moon  to 
full  moon  with  the  dark  edge  foremost.  During  the  former  interval, 
therefore,  the  objects  occulted  disappear  at  the  enlightened  edge, 
and  reappear  at  the  dark  edge,  and  during  the  latter  period  they 
disappear  at  the  dark,  and  reappear  at  the  enlightened  edge. 

The  disappearances  and  reappearances  when  the  moon  is  a  cres- 
cent are  especially  remarkable.  If  the  disappearance  take  place 
at  the  convex  edge,  notice  of  its  approach  is  given  by  the  visible 
proximity  of  the  star,  which,  at  the  moment  of  contact,  is  suddenly 
extinguished.  Its  reappearance  is  more  startiing,  for  it  seems  to  be 
suddenly  lighted  up  at  a  point  of  the  firmament  nearly  half  a 
degree  from  the  concave  edge  of  the  crescent.  If  tiie  disappear- 
ance take  place  at  the  dark  edge,  it  is  much  more  striking ;  the 
star  appearing  to  <<  ^  out''  of  itself  at  a  point  of  the  sky  where 
nothing  inteiferes  with  it. 

The  moon's  horizontal  parallax  amounting  to  nearly  twice  its 
diameter,  the  part  of  the  firmament  on  which  it  is  projected  and 
which  is  its  apparent  place,  differs  at  different  parts  of  the  earth. 
In  different  latitudes  the  moon,  therefore,  in  the  course  of  the 
month,  appears  to  traverse  different  zones  of  the  firmament,  aod 
consequently  to  occult  different  stars.     Stars  which  are  occulted  in 
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certain  latitudes  are  not  occulted  at  all  at  others,  and  of  those  which 
are  occulted,  the  duratioos  of  the  oocultations  and  the  moments 
and  places  of  disappearance  and  reappearance  are  different. 

To  render  this  more  intelligible,  let  n  b,  fig.  814,  represent  the 
earth,  N  being  its  north,  and  s  its  south 
pole.  Let  mm'  represent  the  moon,  and 
ir^  and  vC*  the  direction  of  a  star  which 
is  occulted  by  it  It  must  be  observed, 
that  the  distance  of  the  star  being  praoti- 
callj  infinite  compared  with  the  diameter 
of  the  moon,  the  lines  m*  and  wl^  are 
parallel.  Let  these  lines  be  supposed  to 
be  continued  to  meet  the  earth  at  I  and  T, 
Let  similar  lines,  parallel  to  these,  be 
imagined  to  be  drawn  throush  all  points 
of  a  section  of  the  moon  made  by  a  plane 
at  right  angles  to  the  direction  of  the  star 
passing  through  the  moon's  centre.  Such 
lines  would  form  a  cylindrical  surface,  the 
base  of  which  would  be  the  section  of  the 
moon,  and  it  would  be  intersected  by  the 
surface  of  the  earth,  a  portion  of  which 
would  be  included  within  it,  one  half  of 
which  is  represented  by  the  darkly  shaded 
part  of  the  earth  between  I  and  i.  It  is 
clear  that  the  star  will  be  occulted  by  the 
Fig.  814.  moon  to  ail  observers  situated  within  this 


While  this  cylindrical  space  is  carried  by  the  moon's  orbital  mo* 
tion  from  west  to  east,  the  surface  of  the  earth  included  between  the 
parallels  of  latitude  I  n  and  V  n\  is  also  carried  from  west  to  east, 
but  much  more  rapidly,  by  the  diurnal  rotation,  so  that  the  places 
between  these  parallels  are  continually  overtaking  the  cylindrical 
space  which  limits  the  oooultation. 

It  is  evident  that  beyond  Zn  and  V  »',  which  are  called  the  <'  limit- 
ing parallels,"  no  occultation  can  take  place.  At  I  and  V  the  star 
is  seen  just  to  touch  the  moon's  limb  without  being  occulted,  but 
within  those  limits  it  will  be  occulted.  The  middle  parallel  o  o', 
between  the  limiting  parallels,  is  that  at  which  a  central  occultation 
is  seen,  and  where  therefore  the  duration  is  greatest. 

The  occultation  may  be  seen  from  any  place  upon  the  earth  which 
lies  within  the  shaded  zone,  and  will  be  seen  provided  the  pheno- 
menon occur  during  the  night,  and  that  the  star  at  the  time  be  above 
the  horizon  at  such  an  altitude  as  to  render  the  event  observable. 

In  the  Nautieal  Almanack  these  <* limiting  parallels"  for  every 
oonspicuoas  occultation  are  tabulated,  as  well  as  the  data  neeessary 

88* 
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to  eoable  an  observer  at  any  proposed  latitude  to  ascertain  preTionalj 
whether  any  particular  oocultation  will  be  obsenrable. 

2966.  Determination  of  longitudes  by  lunar  occultcUions.  ^^In 
oommon  with  all  pheoomena  which  can  be  exactly  predicted,  and 
whose  manifestation  is  instantaneous,  occnltations  of  stars  by  the 
moon  are  eminently  nsefol  for  the  exact  determination  of  lon^tades. 
The  frequency  of  their  occurrence  greatly  increases  their  utility 
in  this  respect,  and  although,  for  nautical  purposes,  the  observer 
cannot  always  choose  his  time  of  observation,  and  therefore  cannot 
be  left  dependent  on  them,  they  come  in  aid  of  the  lunar  method  as 
verificalions ;  and  for  geographical  purposes  on  land,  are  among  the 
best  means  which  science  has  supplied.  The  times  of  the^aap- 
pearance  and  reappearance,  aa  observed,  being  compared  with  the 
Greenwich  times  tabulated  in  the  Nautical  Almanack,  the  difference 
of  the  longitudes  is  inferred  after  applying  the  necessary  ooirections. 

2967.  OccuUaiions  indicate  the  pretence  or  absence  of  an  cUmo- 
sphere  around  the  occuUing  body,  —  When  a  star  is  occulted  by  the 
cusk  of  the  moon  or  planet,  its  brightness^  previously  to  its  disap- 
pearance, would  be  more  or  less  dimmed  by  the  atmosphere  sur- 
rounding such  object,  if  it  existed.  Such  a  gradual  decrease  of 
brightness  previously  to  disappearance,  as  well  as  a  like  increase  of 
brightness  after  reappearance,  is  obeervable  in  occnltations  by  the 
disks  of  planets,  but  never  by  the  disk  of  the  moon. 

It  is  hence  inferred  that  the  pUnets  have,  and  the  moon  baa  not, 
an  atmosphere. 

It  might  be  objected  that  the  lunar  atmosphere  may  not  have 
sufficient  density  to  produce  any  sensible  diminution  of  brightness. 
Another  test  has,  however,  been  found  in  the  effect  which  the  re- 
fraction of  an  atmosphere  would  have  in  decreaang  the  duration  of 
an  ocoultation  (2483).  No  such  decrease  being  observed,  it  is 
inferred  that  no  atmosphere  exists  around  the  moon. 

2968.  Singular  vuibility  of  a  star  after  the  commencement  of 
oocultation.  —  Some  observers,  of  sufficient  weight  and  authority  to 
command  general  confidence,  have  occasionally  witnessed  a  pheno- 
menon in  occnltations  which  has  been  hitherto  unexplained.  Ac- 
oording  to  them,  it  sometimes  happens  that  after  the  occulted  star 
has  passed  behind  the  limb  of  the  moon  it  continues  to  be  seen,  and 
even  for  a  considerable  time,  notwithstanding  the  actual  interpo- 
sition of  the  body  of  the  moon.  If  this  be  not  an  optical  illusioo, 
and  if  the  visual  rays  actually  come  straight  to  the  observer,  they 
must  pass  through  a  deep  fissure  in  the  moon.  Such  a  supposition 
is  compatible  with  the  rare,  and  apparently  fortuitous,  occurrence 
of  the  phenomenon. 

2969.  Suggested  application  of  lunar  occnltations  to  resolve 
double  stars,  —  Sir  J.  Herschel  thinks  that  these  occnltations 
would  supply  means  of  ascertaining  the  double  character  of  some 
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stars,  tlie  individaals  suspected  to  compose  which  are  too  close 
together  to  be  diyided  by  any  telescope.  He  thinks,  nevertheless, 
that  they  might  disappear  in  perceptible  succession  behind  the 
edge  of  the  moon's  disk.  It  does  not  seem  to  be  easy  to  conceive 
how  such  an  effect  can  be  expected  in  a  case  where  the  most  pow- 
erful telescopes  have  failed  to  resolve  the  stars. 

2970.  OccuUattons  hy  Saturn's  rings,  —  In  the  case  of  stars 
occulted  by  Saturn's  rings,  a  reappearance  and  second  disappearance 
may  be  seen  in  the  open  space  between  the  ring  and  the  planet  It 
has  been  a£Brmed  also,  that  a  momentary*  reappearance  of  a  star,  in 
the  space  which  intervenes  between  the  rings,  has  been  witnessed. 
This  observation  does  not,  however,  seem  to  have  been  repeated, 
notwithstanding  the  recent  improvements  in  the  telescope,  and  the 
increased  number  of  observers.  The  passage  of  the  planet,  in  a 
favourable  phase  of  the  ring,  through  the  neighbourhood  of  the 
milky  way,  which  is  so  thickly  strewed  with  stars,  would  afford  an 
opportunity  of  testing  this,  and  might  also  supply  precise  evidence, 
positive  or  negative,  upon  the  question  of  the  existence  of  more  than 
two  concentric  rings.  If  other  black  streaks  seen  upon  the  surface 
of  the  ring  be,  like  the  principal  one,  real  openings  between  a  mul- 
tiple system  of  rings,  the  stars  sprinkled  in  such  countless  numbers 
over  the  regions  of  the  galaxy,  and  the  adjacent  parts  of  the  firma- 
ment, would  be  seen  to  flash  between  ring  and  ring,  as  the  planet 
passes  before  them.  Such  observations,  however,  would  require  in 
the  telescope  the  very  highest  attainable  degree  of  optical  perfection. 


CHAP.  XVII 

TABULAR  STN0P8IS  OV  THE  SOLAB  SYSTEM. 

^  2971.  Planetary  data.  —  Having  explained,  individually,  the 
circumstances  attending  the  physical  condition  and  motion  of  the 
bodies  of  the  system,  it  remains  to  bring  them  into  juxtaposition, 
to  view  them  collectively,  and  to  supply,  in  tabulated  forms,  those 
numerical  data  which  at  any  given  time  determine  their  positions 
and  motions. 
Such  data  may  be  resolved  into  three  classes :  — 

I.  Those  which  determine  the  orbit. 

II.  Those  which  determine  the  place  of  the  body  in  the  orbit. 

III.  Those  which  determine  the  conditions  which  are  independent 
of  the  orbit. 
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I.  Data  which  determine  the/omty  magniiitde,  andpantum  of  the 
orbits  of  the  planets, 

2972.  Form  of  the  orlit  determined  by  the  eccentricity.  —  It  is 
well  understood  (2606)  that  the  form  of  an  ellipse  depends  on  the 
eccentrioity ;  all  ellipses  with  the  same  eocentricitj,  howeyer  thej 
may  differ  in  magnitude,  having  the  same  form. 

Let  a  s=  the  mean  ddstanoe;  c  =  the  distance  of  the  centre  of 

the  orbit  from  the  centre  of  the  san,  and  e  =  the  eooentricitj.    We 

shall  then  have 

c 
c  =r  — ,  c  ^=i  a  X  e. 

a 

The  values  of  e,  in  the  cases  of  all  the  principal  planets,  Mer- 
cury excepted,  are  less  than  ^,  In  the  case  of  Mercury,  it  is  about 
|,  and  in  the  larger  planets  ,^. 

In  the  case  of  the  planetoids,  the  eccentricities  are  snbjeet  to 
great  and  exceptional  variation,  amounting  in  one  case  to  i,  and  in 
others  being  less  than  A. 

2973.  Magnitude  determined  by  semi^axii  major,  —  As  the 
eccentricity  determines  the  form,  the  semi- axis  determines  the  mag- 
nitude, of  the  orbit.  TBis  quantity  forms  in  other  respects  a  very 
important  planetary  element,  since  upon  it  is  dependent  also,  by  the 
Harmonic  law,  the  periodic  time,  and,  consequently,  the  mean  an- 
gular and  mean  linear  velocity  in  the  orbit 

2974.  Position  of  the  plane  of  the  orbit.  —  The  plane  of  the 
orbit  must  always  pass  through  the  centre  of  the  sun,  which  is 
therefore  the  common  point  at  which  the  planes  of  all  the  planetary 
orbits  intersect.  But  to  define  the  position  of  the  plane  of  any 
orbit  something  more  is  necessary.  If  the  plane  of  the  earth's 
orbit  be  provisionally  assumed  as  a  fixed  plane  (which,  however,  it 
is  not,  as  will  appear  hereafter),  the  positions  of  the  planes  of  the 
orbits  of  the  planets,  severally,  with  relation  to  it,  will  be  deter- 
mined, 1st,  by  the  angle  at  which  they  intersect  it,  and,  2ndly,  by 
the  direction  of  the  line  of  intersection. 

2976.  Inclinations  of  the  orbits,  —  The  angles  which  the  planes 
of  planets'  orbits  form  with  the  plane  of  the  ecliptic  are  generally 
less  than  3^.  Of  the  principal  planets,  Mercnry  forms  an  exception 
to  this,  having  an  inclination  of  7^.  The  planetoids  are  also  excep- 
tional, the  orbit  of  one  having  an  inclination  of  84^^ ;  the  inclina- 
tions of  the  others  varying  between  16°  and  1®. 

2976.  Line  of  nodes, —  The  inclination  is  not  enough  to  deter- 
mine the  position  of  the  plane  of  the  orbit,  for  it  is  evident  that  an 
infinite  variety  of  different  planes  may  be  inclined  at  the  same  angle 
to  the  ecliptic.  If,  however,  the  direction  of  the  line  of  intersection 
of  the  plane  of  the  orbit  with  the  plane  of  the  ecliptic  (which  line 
must  always  pass  through  the  centre  of  the  sun)  be  also  defined, 
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the  positioQ  of  tbe  plane  of  the  orbit  will  be  detennined.  This 
line  of  intersection  is  called  the  line  of  nodet,  being  the  direction 
in  which  the  nodes  of  the  planet's  orbit  are  seen  from  the  san.  If 
an  observer  be  imagined  to  be  stationed  at  the  centre  of  the  sun,  he 
will  be  in  this  line,  and  the  nodes  will  be  viewed  by  him  in  opposite 
directions  along  this  line,  the  ascending  node  (2625)  being  viewed 
in  one  direction,  and  the  descending  ncSe  in  the  other. 

2977.  Longitude  of  <ucending  node,  —  It  has  been  cnstomarj 
to  define  the  direction  of  the  line  of  nodes  by  the  angle  which  the 
direction  of  the  asoending  node,  seen  from  the  sun,  makes  with  the 
direction  of  the  "  first  point  of  Aries,''  or,  what  Ib  the  same,  by  its 
heliocentric  lon^tnde. 

The  position  of  the  plane  of  the  orbit  is,  therefore,  determined 
by  its  iThdination  and  the  longitude  of  the  aecending  node. 

2978.  Longitude  of  perihelion.  —  These  data,  however,  are  still 
insufficient  to  determine  the  position  of  the  orbit  They  would  be 
sufficient  if  the  orbit  were  circular,  since  a  circle  is  symmetrical  with 
relation  to  its  centre.  But  the  orbit  being  an  ellipse,  the  major 
axis  may  have  an  infinite  variety  of  difierent  directions,  all  of  which 
shall  pass  through  the  sun's  centre,  and  all  of  which  shall  be  in  the 
same  plane.  After  defining,  therefore,  the  position  of  the  plane  of 
the  orbit,  it  is  necessary  to  determine  the  position  of  the  orbit  upon 
that  plane,  and  this  is  determined  by  the  direction  of  its  major  axis, 
jost  aa  the  plane  itself  was  determined  by  the  direction  of  the  line 
of  nodes,  and  as  the  latter  was  determined  by  the  heliocentric  lon- 
gitude of  the  ascending  node ;  the  position  of  the  orbit  upon  its 
plane  is  determined  by  the  heliocentric  longitude  of  perihelion 
(2608). 

2979.  Five  dements  which  determine  the  orhit,  —  The  orbit  of  a 
planet  is,  therefore,  determined,  in  form,  magnitude,  and  positaoni 
by  the  five  following  data,  which  are  called  its  elements  :  — 

1.  The  semi*azis,  or  mean  distance a 

2.  The  eccentricity e 

8.  The  inclination t 

4.  The  longitude  of  the  ascending  node r 

6.  The  longitude  of  perihelion h 

The  eccentricity  is  sometimes  expressed  by  the  ansle  %  of  which 
e  is  the  sine,  which  is  called  the  <'  angle  of  eccentricity." 

2980.  EUmentt  subject  to  dow  variation — Epoch.  —  If  the  ele- 
ments of  the  orbit  were  invariable,  they  would  be  always  known 
when  once  ascertained.  But  it  will  appear  hereafter,  that  although 
for  short  intervals  of  time  they  may,  without  sensible  error,  be 
regarded  as  constant,  some  of  them  are  subject  to  slow  variations, 
which,  after  long  intervals,  such,  for  example,  aa  oenturies*  com- 
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TABLE  I. 
Pata  which  determine  the  magnitade,  form. 


UEBCUBT 

TEKTJB 

EARTH 

MAB8 

PLANnoiM: 

Ceraa 

Pallu 

Jano 

VeiU 

AftnBA 

H«b». 

Irii - 

Hon  M ^ 


Hygda ~... 

Partfaenope....... 

TlfltorU(Cllo)... 

Bgerla 

Irena 

Ennomia 

P^ch« 

Thetli — 

Melpomene 

Maiealla 

Portona 

LatetU 

GalUope 

Thalia 

Themb 

Phocea* 

Proeexplne  ••«■••• 

JUPITER 

SATURN 

URANUS 

NEPTUNE 


Sign. 


9 
9 

e 

© 
® 
® 
® 
® 
® 
® 
® 
® 
® 
® 

® 
® 
® 
® 
® 
® 


® 


h 


0-8870066 
0'7233817 
1-0000000 

1-623601 

2-760021 
2-772896 
2-660005 
2-861702 
2-677400 


2-886310 
2-201727 
2-886607 
8-161388 
2448097 


2-682488 
2-681061 
2-660018 
2«I2061 
2'343102 
2-205718 
2-375861 
2-446902 
2-604770 


6-202767 
0-638860 

10-1824 

80O4 


Zectntndtj. 


• 

^ 

# 

0-2066063 

61 

0-0068618 

23 

0K)1679226 

67 

Oi)032166 

20 

0*0763660 

27 

0-2394280 

49 

0-2560780 

60 

0-0888410 

6 

0-1887617 

62 

(^2020077 

38 

0-28236U 

26 

0-1667974 

1 

0-1228221 

1 

0-1000160 

47 

0^0080002 

43 

0^81980 

86 

0D862748 

67 

0-160T676 

46 

0-1803302 

47 

O-1300878 

81 

0-0464660 

24 

0-2150128 

28 

0-1338016 

41 

0-1565438 

3 

0-8808106 

62 

— 

— 

— 

— 

— 

0H>48ie21 

46 

0H>&61606 

18 

0-0466 

40 

OH)087106 

20 

60 
80 
60 
10 

U-3 
IM 
84-3 
66^ 
47-8 
UA 
IM 
IM 
2»i 
800 
27-0 

m 

0 
20 

2^21 
90 
8>-88 

6 
40 
65-07 

0 


8 

15 

68-6 
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TABLE  L 
ud  positioD  of  the  Planetary  Orbits. 


iMliutioa. 

Jissist^'L. 

'psauf         «p-»- 

i 

9 

V 

M.T.rkrb. 

o 

r 

t* 

O 

/ 

/f 

o 

« 

t» 

0 

6 

46 

67 

88 

74 

20 

4S 

1  Jsnnarr,  180a 

8 

S8 

20 

74 

n 

41 

128 

48 

6 

M 

0 

0 

0 

0 

0 

0 

00 

80 

20 

« 

1 

61 

6 

47 

60 

88 

882 

22 

61 

a 

87 

12 

80 

40 

60 

148 

2 

64 

2K)  July,  1862. 

84 

87 

20 

172 

46 

14 

121 

24 

11 

2-0  July,  1862. 

18 

8 

17 

170 

66 

28 

64 

18 

66 

24-0  Sqitember,  1862. 

6 

25 

106 

28 

14 

250 

44 

8 

10 

23 

141 

27 

48 

136 

42 

82 

29-6  April,  186L 

46 

82 

188 

81 

66 

16 

16 

26 

18-0  July,  1862. 

28 

10 

260 

44 

6 

41 

20 

22 

8-0  Junt,  1862. 

68 

8 

UO 

20 

63 

82 

40 

46 

24'0Muoh,1862L 

86 

66 

68 

28 

68 

71 

83 

11 

4-0  JQM,  1862. 

it 

11 

287 

88 

27 

218 

2 

20 

28-6  September,  1B61. 

80 

64 

124 

60 

64 

817 

8 

61 

18-0  July,  1862. 

S8 

7 

286 

20 

81 

801 

66 

18 

<H)JeiMi«y,1861. 

88 

7 

48 

17 

40 

118 

17 

17 

16-0  MiNh,  1862. 

6 

83 

80 

61 

83 

178 

26 

68 

18-0  July,  1888. 

48 

60 

296 

68 

10 

27 

18 

24 

1»0  October,  1861 

8 

87 

160 

80 

43 

11 

28 

0 

81-0  Menh,  1862. 

42 

82 

128 

6 

60 

211 

26 

26 

1*0  May,  1862. 

10 

10 

88 

140 

64 

28 

16 

86 

68 

10-0  July,  1862. 

60 

16 

208 

20 

8 

lU 

1 

40 

OH)  October,  1862. 

83 

18 

2U 

0 

0 

81 

16 

18 

28-6  September,  1861 

19 

40-0 

78 

88 

48-4 

800 

68 

10-4 

0i>Deal862,M.T.Ber. 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

^ 

— 

— 

— 

— 

— 

» 

— 

— 

— 

— 

» 

— 

— 

— 

— 

— 

— 

^ 

18 

62 

08 

» 

46 

11 

7 

88 

1  JaaoMy,  1800. 

20 

86 

111 

60 

7 

80 

8 

20 

« 

40 

28 

72 

60 

21 

167 

80 

24 

M 

46 

60 

180 

0 

62 

47 

14 

87 

M 
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pletely  change  the  orbits.  These  Tariations  have  been  caleohted 
with  surprising  precision,  and  are,  moreover,  found  to  be  peiiodkal, 
although  their  periods  are  in  general  of  such  magnitnde  as  to 
surpass  not  only  the  limits  of  human  life,  but  those  of  all  human 
record. 

Since,  therefore,  the  planetary  objects  are  thns  subject  to  a  slow 
but  constant  change,  it  is  necessary  in  assigning  their  elements,  to 
assign  also  the  date  at  which  the  orbits  had  these  elements.  When 
the  rates  at  which  the  elements  seyerally  vary  are  known,  their 
values  at  any  assigned  date  being  given,  their  values  at  any  other 
date,  anterior  or  posterior,  can  be  determined. 

The  date  at  which  the  elements  of  the  orbits  have  had  the  values 
assigned  to  them  is  technically  called  the  SPOOH. 

2981.  Table  of  (he  elements  0/ the  orbits. — In  the  preceding 
table  are  given  the  elements  of  the  planetary  orbits,  severally,  tt 
the  epochs  assigned  in  the  last  column.  Those  of  the  more  reoentlj 
discovered  planets  must  be  regarded  as  provisional,  and  subject  to 
such  corrections  as  future  observations  may  suggest. 

The  elements  are  taken  from  the  tables  published  by  the  French 
Board  of  Longitude,  with  the  exception  of  those  of  the  reoentlj 
discovered  planetoid  Lutetia,  the  elements  of  which  are  given, 
provisionally,  from  those  calculated  by  M.  George  Rumker,  Jua., 
of  Hamburg.  (Comptes  Rendus  de  I'Acad.  des  Sc.  t.  xxxv.  p. 
810.) 

To  illustrate  the  relative  mean  distances  of  the  planets  from  the 
sun,  and  from  each  other,  we  have  delineated,  nearly  in  their 
proper  proportions,  the  mean  distanced  of  the  principal  planets,  and 
the  planetoids  or  asteroids,  in^.  815. 

n.  Data  to  determine  the  place  of  the  planet, 

2982.  By  the  epoch  and  the  mean  daily  motion.  —  The  orbit 
being  defined  in  magnitude,  form,  and  position,  it  is  necessary  to 
supply  the  data  by  which  the  position  of  the  planet  in  it  at  any 
assigned  time  may  be  found.  It  will  be  sufficient  for  this  to  assign 
the  position  which  the  planet  had  at  the  epoch,  and  the  periodic 
time,  from  which  the  mean  daily  motion  of  the  planet  can  be  in- 
ferred. By  means  of  this  motion,  the  mean  place  of  the  planet  for 
any  given  time  anterior  or  posterior  to  the  epoch  can  be  deter- 
mined. 

2983.  The  equation  of  the  centre.  —  To  find  the  true  place  d 
the  planet,  a  further  correction,  however,  is  necessary.  The  angular 
velocity  of  the  planet  referred  to  the  sun  is  not  uniform,  being 
greatest  at  perihelion  and  least  at  aphelion.  The  difference  between 
the  position  which  the  planet  would  have,  as  seen  from  the  sun,  if 
its  angular  motion  were  uniform,  and  that  which  it  actually  has,  is 
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called  the  ''equation  of  the  centre/'  and  ta- 
bles are  computed  by  which  this  correction 
for  each  planet  may  be  made,  so  that,  the 
mean  place  of  the  planet  in  its  orbit  being 
determined,  the  true  place  may  be  found. 

2984.  Table  of  the  data  necessary  to  do- 
termine  the  place  of  the  planet  — In  the  fol- 
lowing table  are  given  the  data  which  are 
necessary  to  determine  the  mean  place  of 
each  of  the  plunets  for  any  given  time.  In 
the  first  column  is  given  the  mean  longitude 
of  the  planet  at  the  epoch  assigned  in  Table 
I.,  and  in  the  second  column  is  given  the 
mean  daily  increment  of  heliocentric  longi- 
tude. 

The  SIDEREAL  PEBiOB,  or  the  time  which 
the  planet  takes  to  make  a  complete  revolu- 
tion round  the  sun,  is  given  in  days  and  years 
in  the  third  and  fourth  columns. 

If  the  equinoctial  points  were  fixed^  the 
sidereal  period  would  be  equal  to  the  interval 
between  two  successive  returns  of  the  planet 
to  the  same  equinoctial  point  But  the  equi- 
noctial points  are  subject,  as  will  appear  here- 
after, to  a  very  slow  retrograde  motion,  in 
virtue  of  which  the  first  point  of  Aries,  ft'om 
which  right  ascensions  and  longitudes  are 
measured,  moves  annually  from  east  to  west 
upon  the  ecliptic  through  a  space  a  little 
less  than  a  degree.  A  planet,  therefore,  de- 
parting from  the  vernal  equinoctial  point, 
and  moving  constantly  from  west  to  east,  will 
return  to  that  point  before  it  completes  its 
revolution,  inasmuch  as  that  point  moving  in 
the  contrary  direction  meets  it  before  its  return 
to  the  point  of  departure. 

It  follows  from  this,  that  the  interval 
tween  two  successive  returns  to  the  vemai 
equinoctial  poiut  is  a  little  less  than  the  side- 
real period.  This  interval  is  called  the  equu 
noctial pcrioJ,  and  is  given  in  the  fifth  column 
of  Table  II. 

The  syuodic  period  is  given  in  the  last 
column. 

2985.    Table  of  extreme  and  niean  dis- 
tances from  Kun  and  earth, — In  Table  I.,  the 
30 


458 


ASTRONOMY. 


TABLE  n. 

Data  irhieh  determiae  the  places  of  the  Planats  in  thtir  respectiva  Oibita  at 
a  giyen  time. 


f^^. 

.'-gSSir-* 

Motion. 

1 

h 

SJdcrMl. 

SqaiDoetUL 

SjnoUc 

MERCURY  ...^ 
VENUS 

o 

no 

146 
100 
233 

174 

802 

7 

199 

35 

13 

86 

266 

47 

355 

86 

197 

328 

162 

61 

47 

22 

145 

128 

149 

356 

r 

f 

81 
128 
173 
885 

13 
44 
63 
5 

46 
14 
42 
8 
59 
17 
45 
13 
26 
4 
8 
37 
47 
29 
29 
48 
25 
10 
49 
21 
46 

64 
6 

80 
8 

18 
56 
30 
34 

5 
20 

5 
87 
53 
36 

6 
26 
23 
21 
24 
83 
51 
20 
238 
44 

8 
65 
27 
19 
31 

49 
29 
87 
68 

14732-419 
5767-668 
3548193 
1886-518 

1086-0790 
10-20-0708 
994-4325 
989-2240 
977-6178 
968-8970 
9631396 
9621801 
939-3772 
927-6728 
926-3257 
857-4996 
865-2837 
854-9642 
8440179 
822H)764 
813-6926 
770-9242 
766-6413 
706-8977 
634-2404 

? 

f 

298-980 
120-436 
42-283 
21-554 

Dap  — P. 

87-96926 
224-70080 
365-25637 
686-97964 

1193-281 

1270-498 

1303-256 

1810-116 

1326-669 

1387-601 

1345-600 

1346-9400 

1379-685 

1397-192 

1399074 

1611-369 

1516-3r3 

1615-850 

1535-5 

1576-498 

1592-736 

1661-093 

1686080 

1834-658 

2043-886 

f 

? 

4832-58480 
10759-2196 
30686-8205 
60127- 

Te*n-P'. 
0-2408 
0-6162 
1-0000 
1-8807 

8-8668 
8r4786 
3-6680 
3-6870 
8-6290 
3-8680 
8-6887 
8-6880 
3-7770 
3-8260 

a-esoo 

4-1380 
4-1490 
4-1603 
4-2040 
4-8160 
4-8650 
4-6995 
4-6160 
6-0230 
6-6042 

{ 

11-88 

29-48 

84-01 

164-88 

87-9684 
224-6955 
866-242286 
6889-107 

^1198^ 
1270-4 
180SO 
1809-87 
1826-3 
1887-3 
1845-6 
1846-7 
1879-4 
1307-0 
1899-0 
16U-1 
16I60 
1516-6 
1636-8 
1576-3 
1502-6 
1680-8 
1679-8 
1888-0 
2042-8 

f 

f 

4880^06 
10746-7884 
80689-8678 
60748- 

116?; 

683-92 
779« 

699-8 

EARTH  

MARS 

Planxtoim: 
Flora 

Melpomene.... 
VictorU(CUo) 
thetif..... 

613« 
607-S 
606D   I 

Vesta 

604-2 

MasuJIa 

Iris.^ 

6020   ! 
601-8   1 

Metit 

501-2   1 

Hebe 

496-8 

Fortuna 

Parthenope... 
Afltnea ...;..... 

494-0 
493-8 
481-6 
481-6 
481-6 
4790 
475^ 
473-8   • 

Ireoe 

Bgtrla 

LuteUa 

Eanomia. 

Juno 

Ceres ^ 

Pallas 

466-8   1 

466-1 

Psyehe 

4590 

Thalia 

444^ 

r 
I 

888^ 

8780 
88^7 
887^ 

Themis 

Phoeea 

Proserpine  ... 

JUPITER- 

SATURN 

URANUS 

NEPTUNE 

mean  distances  a  of  the  several  planets  from  the  sun  are  ezpresaed 
in  numbers,  of  which  the  earth's  mean  distance  is  the  unit.  It  is 
necessary,  however,  to  compute  the  actual  mean  distances  in  Bome 
known  units,  such  as  miles.  To  obtain  these  it  is  only  necessary 
to  multiply  the  actual  mean  distances  of  the  earth  in  miles  by  the 
numbers  in  the  column  a  of  Table  I. 

It  is  also  necessary  to  assign  the  actual  limits  of  the  varying  dis- 
tances of  the  planets  as  well  from  the  earth  as  from  the  sun.  These 
are  easily  determined  by  the  data  in  Table  I. 

2986.  Perihelion  and  aphelion  distances.  —  Let  the  extreme  and 
mean  distances  of  the  earth  firom  the  sun,  expressed  in  millions  of 
miles^  be 
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d   s=  mean  distance 
^  =  least  distance 
d"  =  greateat  distance : 

we  sball  then  have,  according  to  what  has  been  already  explained 
and  proved, 

d=95,       <f  =  95  X  (1— «),        c^"  =95  X  (1  +  «), 

the  value  of  e  in  the  case  of  the  earth  being  0*01679226. 

Let  the  mean  and  extreme  distances  of  a  planet  from  the  sun  be 
in  like  manner  expressed  by  D,  d',  d"  in  millions  of  miles^  and  we 
shall  have 

D  =  96a,      i/  =  95a  X  (1  — c),      i/'  =  95a  X  (1  +  «). 

The  distance  s  of  a  planet  from  the  earth  at  superior  conjunction 
being  equal  to  the  sum  of  the  distances  of  the  earth  and  planet  from, 
the  sun,  we  shall  have 

8  =  D  +  d 

This  will  vaiy,  because  the  distances  from  the  sun  vary.  It  will  ba 
greatest  when  the  earth  and  planet  are  both  in  aphelion^  and  least 
when  they  are  both  in  perihelion.  If  8",  therefore,  express  the 
greatest,  and  8'  the  least  possible,  distance  of  the  planet  when  in 
eonjanctioU;  the  mean  being  expressed  by  B,  we  shall  have 
il'  =  D"  -{-dr        s'  =  d'  +  <f . 

The  distance  of  an  inferior  planet  from  the  earth,  when  in  inferior 
conjunction,  is  found  by  subtracting  the  planet's  distanoe  from  the 
sun  from  the  earth's  distance.     If  o  express  the  mean  distance  of 
thc/planet  in  inferior  conjunction  from  the  earth,  we  shall  have 
0  =  rf  —  D. 

The  distance  will  vaiy  according  to  the  relative  positions  of  the 
axes  of  the  elliptic  orbits,  and  will  evidently  be  greatest  when  the 
earth  is  in  perihelion  and  the  planet  in  aphelion.  If  o''  and  o'  then 
express,  as  before,  the  greatest  and  least  possible  distances  of  the 
planet  in  inferior  conjunction,  we  shall  have 

o"  =  cf  '  —  d'        0'  =  rf'  -  D". 

The  distance  of  a  superior  planet  in  opposition  is  found  by  sub- 
tracting the  earth's  from  the  planet's  distanoe ;  and  it  may  in  like 
manner  be  shown  that  the  mean  and  extreme  distances  of  the  planet 
in  opposition  from  the  earth  will  be 

0  =  D  —  c^        o"  =  d"  —  cf        o'  =  1/  —  cT. 

In  the  following  table  the  mean  and  extreme  distances  of  the 
planets  successively  from  the  sun  and  earth  are  given  as  computed 
by  these  several  formulsB.  The  method  of  computation  is  indicated 
at  the  head  of  each  column.     (See  Table  on  next  page.) 
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TABLE  III. 
DUtanees  from  the  San  and  from  the  Earth  in  millioas  of  Miles. 


Vwt. 

DtateesftaMSoa. 

Dialuea  fnan  Eartb. 

^'"SS^iSi?*' 

BrratMt 

LmU 

Umm, 

GlWtMl. 

L«Ml. 

MWA. 

OmtMi. 

Lbmi 

M«. 

D" 
-Ste 

->9to 

D 
->9Sa 

-D"+d" 

8' 

-D*+4f 

8 

-D+rf 

nr 
=4)"-*' 

or 

O 

MEBCUBY.. 

YXNUB 

44-32 
60-18 
06-60 
168-24 

212*46 

265-17 
270-21 
232MH 
244-28 
266*08 
270-26 
264*61 
276*87 
268*60 
265-36 
201-17 
286-00 
266-61 
831-64 
200-51 
818-48 
282-04 
826-40 
315-10 
320-60 

f 

t 

618-00 
050-18 
1007-26 
2878-80 

90*32 
68*24 
03-41 
131-26 

206-80 
170-00 
173-46 
212-28 
204-44 
106-40 
178-07 
108-01 
188-03 
106-24 
200-78 
108*76 
208-66 
224-17 
168  38 
20417 
188*66 
242-78 
200-87 
242-16 
260-18 

f 

1 

470'46 
863-20 
1737-41 
2820-11 

3677 
68-71 
06-00 
144-76 

200-17 
218-08 
221-82 
2-22-61 
224-36 
225-71 
226-61 
226-76 
230-42 

232-57 
244-06 
245-28 
246-34 
247-46 
261-84 
263-67 
262-86 
268-48 
278-63 
200-80 

f 

t 

404*27 
006-10 
1822-88 
2854*00 

140^1 
166-77 

264-88 

300-04 
861-76 
366-80 
320^68 
340-87 
352-52 
876-84 
361-20 
873-46 
866-00 
351-06 
887*76 
883-40 
868*10 
328-16 
806-10 
416'07 
370-68 
423H)8 
411-60 
426-10 

614-68 
1065-77 
2003-84 
2075-48 

122-73 
161*66 

224-67 

200-30 
264-40 
266-86 
306-60 
207-86 
288*00 
267-38 
202-32 
277-34 
260-65 
308-10 
202-16 
207-07 
317-68 
266-70 
207-68 

336-10 
20878 
836-67 
862-60 

663-86 

046-61 

1830-82 

2947-41 

131*77 
163-77 

230-77 

804-77 
313-77 
316-77 
317-77 
810-77 
32077 
821-77 
321-77 
325-77 
827-77 
327-77 
880T7 
340-77 
340-77 
342-77 
346-77 
348-77 
857-77 
368-77 
873-77 
304-77 

680-77 
1001-77 
1017*77 
204077 

eff-27 

64-83 

110-04 
177-76 
17fr80 
130-53 
160-87 
162-52 
125-84 
161-20 
183-46 
175H)0 
16105 
197-76 
103-40 
17310 
238-13 
206*10 
226-07 
180-53 
233-08 
221-00 
236-10 

424-68 
86677 
1813-84 
2785-48 

49i» 
24-23 

34-67 

10»^ 

74-40 

76-86 

115-60 

107-86 

08-00 

77-38 

102-32 

87-34 

00-66 

11310 

102-16 

107-07 

107-58 

66-70 

107*68 

02^>7 

146-10 

103-78 

145-57 

172-50 

373-86 
76fr61 
1640« 
2732-52 

86-SS 

40-71 

114-lT  1 
Iffl-C-s 

120-34, 

BAKTH 

1IAB8 

PLAinrroiM: 
not* 

ySetoria(ClJo). 

Then.-... 

-Vesta 

Maaaalia 

Iria 

130-71 
131-61 

Metis 

IS176  • 

Hebe 

Fortana. 

Astnsa 

135-42 
137-37 
137-57 
14»^ 

Irone 

Sgerla 

150^ 
150^  ' 

Lutetia 

Bonomia 

Juao. 

Geras 

152-46 , 

ise-Ml 

l&S-iT  1 
167 -<^' 

Pallas 

16S-43. 

Psyche  

183-63 

Calliope 

204-38, 

ThallaT. 

809-27 
811-19 

Themis 

Pbooea 

Proserpine...... 

JUVtTER 

SATURN 

URANUS 

1727-3S 

NBPTUNE 

27601W 

III.   Conditumi  affecting  the  physical  and  mechanictzl  state  of  the 
planet  independently  of  its  orbit. 

2987.  In  the  preceding  chapters  we  have  explained  and  illa»- 
trated  the  methods  by  which  the  real  magnitudes,  masses,  densities, 
diurnal  rotation,  oblateness,  and  superficial  gravity  of  the  planets 
are  sevendly  determined.  These  data  and  some  others  are  brought 
together  and  arranged  in  juxtaposition,  being  expressed  numerically, 
with  relation  to  the  most  generally  useful  units  in  Table  IV. 

The  methods  of  computing  many  of  the  quantities  and  magnitudes 
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TABLE  IV. 
i>ata  affecting  the  Planet,  which  are  independent  of  its  Orbit. 


RcftlDiaMttr. 

App>rnilD:»«t«. 

Surfcc*. 

Valvm*. 

■■1. 

A 

i 

OiwImL 

• 

Eultfii- 
1. 

A'-A» 

MilliNi 

Carth*a*L 

A" 
A" 

BilllnH 
Cobie 
Mll«. 

A"XE'' 

MZnCVBT 

9-m 

2^ 

18-4 

4S 

••4 

0-138 

2-7S4 

0-0519 

0^186 

VKNia.. 

OM 

7.W 

«-4 

0-fl 

8f4 

0-972 

18-MO 

0-958 

0-lM 

BARTB. . 

i^no 

7^12 

- 

- 

- 

1000 

w-cto 

1-090 

0-M 

MABS    .. 

o-sw 

4.100 

f4-4 

l-S 

U'O 

0-«8 

S-271 

0  119 

0«8 

IM» 

SSjNO 

4M 

ao« 

at-o 

116-000 

Mss-aso 

ia0r-49O 

868-8n 

8ATURH. 

9-60I 

7».000 

»t 

14-6 

I7'8 

90-8M 

ms-ooo 

99f-490 

22IO08 

URANUS. 

4M 

HMO 

■    4-fl 

fS 

>•« 

W-OOO 

tTS'060 

82-900 

21-550 

ZfEPTUHS 

4-740 

•7,500 

••• 

2-6 

1-7 

n^«oo 

441-700 

lOT-990 

27400 

SON .... 

iUHfo 

SS.000 

li«7-8 

icn-s 

1M6-S 

iMlOmO 

B44009H)00 

MOON... 

0-«79 

MM 

imt$ 

n7«-6 

I87S7 

0H)74 

1-456 

0-Ott 

- 

Ma0a, 

Hu^. 

s 

8otir 

BotatiM. 

"^^ 

Ok- 

late. 

9m\ 

■■1. 

TriilkiBi 
Ttm. 

-1. 

W«l«rt 

At 

Bum 
« 1. 

- 

wm  1. 

A- 

• 

y 

1 

o 

, 

„ 

r- 

a"- 

a*" 

A"' X  6069 

A"' 
A" 

xX5« 

1 

• 

1915 

• 

T 

•54M 

h 

a 

■ 

MBBCUBT 
VBKUS.. 

0-175 
049B 

i 

1068 
5809 

845 

0-92 

19*66 

2460 

1460 

1947 

O-fT 

24 

22 

8 

0? 

i 

1 

2089810 

1 

542 

i6<7 

141 

81 

81 

? 

- 

- 

} 

401811 

BARTB.. 

lom 

I 

«99 

1-00 

647 

l-OOO 

WIS 

140 

88 

69 

4 

89 

81 

0 

1 

yAB2... 

o-» 

1 

mm 

904 

0« 

642 

0456 

1266 

0-48 

84 

27 

88 

99 

87 

0 

1 

JUnTEB. 

9B8-4T5 

1 

2054200 

044 

146 

0-122 

868 

0-Q97 

9 

65 

26 

9 

6 

80 

1 

1048-16 

SATOBN. 

lOl-OBB 

1 

613900 

0-12 

048 

0-105 

801 

0411 

10 

88 

17 

98 

42 

40 

1 
11 

8512 

TIUKUS. 

14«6 

1 

•650S 

0-IT 

047 

0462 

100 

0002 

9 

20 

0? 

? 

- 

- 

? 

uuA 

KtFTOWl 

ir9oo 

1 

1877 

114700 

017 

047 

0008 

64 

0401 

? 

- 

- 

? 

- 

- 

> 

$CH  . . . . 

354996-000 

1 

1154100000 

046, 

1-47 

- 

- 

- 

107 

4 

0 

- 

- 

- 

0 

MOON... 

•0129 

I 
i828«290 

12-2 

042 

8^62 

1000 

1016 

140 

555 

-1 

- 

- 

- 

0 

89* 
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QfiTity. 

OiUttfTdodty. 

RotatMB 
MEq^Mtor. 

Onvllalte. 
tomnltSan. 

1 

ButM 

Fall  FmI 
ISt^ 

E«tk% 

Mita 

FMt 

8£L 

Mito 

s£^ 

Ttentt. 

trial 
Gnvity 

-L 

Tb««. 

Iwknl 
SHoad. 

MfiBCURT 

r 

rxisHx 

V 

7^ 

V 

▼" 

• 

F 
IttfSDXO 

^■'^is 

T 

1696X.> 

0-« 

SM 

I'M) 

II07B6 

MMOO 

iio 

sa 

1 

Su 

"► 

▼ENDS . . . 

^90 

i4-«i 

M 

81000 

iiseoo 

lOBO 

1S40 

1 
ST 

ftr 

ElKTH  . . 

100 

16^ 

1-00 

oaoo 

loion 

lOM 

1896 

1 

1686 

lit 

IfABS.... 

054 

S-04 

0-81 

sssn 

siaeo 

899 

768 

1 
«76 

61 

JUPITER  . 

s-ct 

30M0 

0  44 

sons 

44297 

88129 

41966 

1 
44<»0 

44 

SATURN  . 

M« 

H-00 

o.« 

8«)6 

98715 

28440 

S»IO 

1 
147896 

i-a 

CRAMVS   . 
IfEPTlNE 

0-78 

1205 
U-56 

0-23 
OIH 

15790 
12570 

89070 
18495 

11410 

16796 

? 

1 

0-198 

508160 

1 

14^989 

SUN 

8t-5e 

4M47 

- 

- 

- 

4564 

69»4 

- 

- 

MOON   ... 

0  169 

•72 

O-OBS 

8266 

9998 

109 

15-12 

1686- 

119 

given  in  the  several  columns  of  Table  lY.  have  been  already  ex- 
plained.    Some  of  tbom,  however,  require  further  elucidation. 

2988.  Method  of  compuiing  the  extreme  and  mean  ajoparent 
diameters.  —  The  real  diameters  6  being  ascertained  bj  the  methods 
explained  in  (2299),  the  extreme  variation  of  the  apparent  diameter 
may  be  found  from  a  comparison  of  the  real  diameter  with  the 
extreme  and  mean  distances  T>",  j/,  D,  given  in  Table  III.  We 
have  thus  (2294) 

a"  =  1  X  206265,  a'  =  1  X  206265,  a  =  -  x  206265. 

2989.  Surfaces  and  volumes.  — The  surface  of  the  earth  oonsists 
of  197  millions  of  square  miles,  and  its  volume  of  259,800  millions 
of  cubic  miles.  Let  these  numbers  be  expressed  respectively  by  s' 
and  s".  Since,  then,  the  surfaces  of  spheres  are  as  the  squares, 
and  their  volumes  as  the  cubes,  of  their  diameters,  if  a'  express  the 
surface  and  A"  the  volume  of  a  planet  related  to  those  of  the  earth 
as  an  unit,  and  6"  the  volume  in  billions  of  cubic  miles,  we  shall 
have 


A'  =  A", 
a'  =  A'  X   B' 


«"  =  A"  X   E^ 
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2990.  Tfie  mamei.  —  The  masses  of  the  pknets  in  relation  to  the 
sun  being  ascertained  by  the  several  methods  explained  in  (2633); 
et  seg,y  and  the  ratio  of  that  of  the  sun  to  'the  earth  being  ascer- 
tained to  be  354936  to  1,  let  A'"  express  the  mass  related  to  that 
of  the  earth;  and  S'"  to  that  of  the  sun  as  the  unit  We  shall  then 
have 


854936* 

By  which  A'"  may  be  inferred  from  X'". 

The  actoal  weight  of  the  earth  in  trillions  of  tons  being  6069 
(2394);  let  the  weight  of  any  other  mass  in  trillions  of  tons  be  3'"; 
and  we  shall  have 

«'"  =  A'"  X  6069. 

2991.  The  dennties, — The  mean  densities  being  the  quotients 
obtained  by  dividing  the  volumes  by  the  masseS;  and  the  mean 
density  of  the  earth  related  to  that  of  water  as  the  unit  being  5*67 
(2393);  let  the  mean  density  of  any  of  the  other  bodies  related  to 
that  of  the  earth  as  the  unit  be  x,  and  related  to  water  of,  and  wo 
shall  have 

a'" 
x  =  ~j        7^  ^  X  X  6-67. 

2992.  Certain  data  not  exactly  ascertained,  —  It  will  be  useful 
to  observe  that,  in  the  determination  of  several  of  these;''the  results  of 
the  observations  and  computations  of  astronomers  are  to  a  certain 
extent  at  variance;  and  a  corresponding  uncertainty  attends  such 
data;  as  well  as  all  conditions  which  depend  on  them  or  are  derived 
by  calculation  from  them.  This  is  more  especially  the  case  with 
the  masses  of  those  planets  which  are  unaccompanied  by  satellites; 
and  consequently  with  the  densities  which  are  ascertained  by 
dividing  the  masses  by  the  volumes. 

2993.  Example  of  the  masses  and  densities  of  sows  planets*"-' 
As  an  example  of  the  character  and  extent  of  these  discrepancies; 
we  give  the  following  estimates  of  the  masses  of  some  of  the  prin- 
cipu  planets  expressed  as  fractions  of  the  mass  of  the  sun.  The 
column  £  contains  the  values  assigned  by  Professor  Enck^;  from  a 
comparison  of  all  the  authorities;  except  that  of  NeptunC;  which  is 
given  on  the  authority  of  Professor  Pierce.  The  column  I*  contains 
the  values  adopted  by  the  French  Board  of  Longitude;  and  the 
columns  L  and  M  the  values  given  in  the  treatises  lately  published 
in  Germany  by  Professors  Littrow  and  Madler. 
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MmcOKT 

VENUS .......... 

B. 

F. 

L. 

k. 

1 

4865761 

40iSB 

1 
fiMftT 

rr 

24WS 

1 
W7«- 

1 

401B4. 
»4M 

1 

M0»7 

1 

MOOO 

1 
14441 

1 
«-l. 

40U7J 

1 
166000 

1 

1 
-51o6o 

1 

19000 

4.?am        1 

1            1 

EARTB 

401711 

1 

1 

TStS" 

1 

144U 

MXH8 ........... 

TTRJkNVf ........ 

NEPTUNE 

It  will  be  observed  diat  in  Table  IV.,  is  well  a8  in  the  preeediog 
tables,  the  qnantitids  are  in  all  esses  reduoed  to,  and  expressed  in, 
those  actual  standard  measures  and  weights  with  which  all  persons 
are  familiar.  The  ntility  of  this  was  very  forcibly  expressed  and 
very  happily  illustrated  by  the  Astronomer  Royal,  in  the  popular 
lectures  deliTdred  by  him  at  Ipswich. 

29d4.  Intensity  o/tokir  light  and  heat,  —  Binoe  the  intensity  of 
solar  radiation  decreases  as  the  square  of  the  distance  from  the  sun 
decreases,  if  y  expresses  its  intensity  at  the  mean  distance  of  any 
I^net  relative  to  its  in  tensity  mt  the  earth  as  the  unit,  we  shall  have 

1 

2995.  Superficial  gravity,  —  The  supeificial  mvity  of  a  spherical 
body  being  in  proportion  to  its  mass,  divided  bv  the  square  of  its 
semi-diameter,  and  the  height  through  which  a  body  falls  upon  the 
surface  of  the  earth  in  one  second  being  16-08  feet,  let  g'  express 
the  superficial  gravity  of  a  spherical  body  related  to  that  of  the 
earth  as  the  unit,  and  let  f  express  the  height  through  which  a 
body  submitted  to  it  would  f&U  in  one  second,  and  we  shall  have 

(/  =  ^',       /'  =  i/x  16-08. 

2996.  Orbital  velocities,  —  It  is  easy  to  show  that  it  follows  as  a 
necessary  consequence  of  the  harmonic  law,  that  the  mean  orbital 
velocities  of  the  planets  are  in  the  inverse  ratio  one  to  another  of 
the  square  roots  of  the  distances;  for  since  these  velocities  are  pro- 
portional to  the  drcumferences,  or,  what  is  the  same,  the  semi- 
diameters  of  the  orbits,  divided  by  the  periods,  they  are  proportional 

to  *— ;  but  since,  by  the  harmonic  law,  P*  is  proportional  to  a*,  the 

fit  1 

velocities  will  be  proportional  to  ^r=i,  or,  what  is  the  same,  to  -zzr 

that  is,  inversely  proportional  to  the  square  roots  of  the  mean  dis- 
tances. 

This  being  understood,  and  the  mean  orbital  velocity  of  the  earth 
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ezpreesed  in  miles  per  hour  being  68^890,  let  v  be  the  mean  velocity 
of  a  planet  related  to  that  of  the  earth  as  the  unit,  and  v'  its  mean 
Telocity  in  miles  per  hour,  and  we  shall  have 

v=  -J,        Y  =  vx  68890; 

and  since  the  ratio  of  miles  per  hour  to  feet  per  second  is  that 
of  5280  to  3600^  if  v"  be  the  velocity  in  feet  per  second,  we  shall 
have 

«//      ^28 
V  =  —  y  V . 
860  ^ 

2997.  Superficial  velocity  of  rotation,  —  The  superficial  velocity 
of  a  planet  at  its  equator  in  virtue  of  its  diurnal  rotation  is  found 
by  comparing  the  circumferences  of  its  equator  with  the  time  of  its 
rotation.  By  tbe  elementary  principles  of  geometry,  the  circum- 
ference of  a  circle  whose  diameter  is  d,  is  ^  X  3*1415,  and  if  T  ex- 
press the  time  of  rotation  in  hours,  we  shall  have  for  v,  the  velocity 
of  rotation  in  miles  per  hour 

a  X  31415 

T  ' 

which  may  be  reduced  to  feet  per  second,  as  before^  by 
.  528 

^  =  ^^360- 

2998.  Sc^r  gravitation.  —  The  general  law  of  gravitation  sup- 
plies easy  and  simple  means  by  which  the  force  of  the  sun's  attrac- 
tion at  the  mean  distance  of  each  of  the  planets  may  be  brought 
into  immediate  comparison  wi^ii  the  known  force  of  gravity  at  the 
surface  of  the  earth. 

Let  this  latter  force  be  expressed  by  g.  It  will  decrease  in  the 
same  ratio  as  the  square  of  the  distance  of  the  body  affected  by  it 
increases.  The  distance  of  the  sun  being  24,000  semi-diameters 
of  the  earth,  the  intensity  of  the  attraction  which  the  earth's  mass 
would  exert  at  that  distance  would  be 

9  9 

24000  X  24000  "^  576,000000* 
But  the  mass  of  the  sun  being  354,936  times  that  of  the  earth,  it 
will  at  the  same  distance  exert  an  attraction  354,986  times  greater. 
The  intensity  of  the  attraction,  therefore,  which  the  sun  exerts  at 
the  earth's  mean  distance  will  be 

354936  _     g 
^  ^24000«  "■  1626' 
and  the  intensity  of  its  attraction  at  the  mean  distance  of  the  other 
planets  being  still  inversely  as  the  squares  of  the  distances^  will  bo 
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found  by  dividing  this  by  a*.  So  that  if  o  express  this  attraetioii, 
and  F  the  height,  in  thonsandths  of  an  inch,  through  which  a  body 
placed  at  each  distance  would  fall  in  one  second,  we  shall  have 


o  = 


9 
1626  a^' 


F  =  16080  X  12  X  o  =  192960  o. 


By  the  numbers  given  in  the  column  o,  it  is  there  to  be  under- 
stood that  a  mass  of  matter  which,  placed  upon  tho  surface  of  the 
earth,  would  weigh  the  number  of  pounds  expressed  by  the  denomi- 
nators of  the  fractions  severally,  would,  if  submitted  only  to  the 
sun's  attraction  at  the  respective  mean  distances  of  the  planets, 
gravitate  to  the  sun  with  the  force  of  one  pound.  Thus,  a  mass 
which  on  the  earth's  surface  would  weigh  1626  lbs.  would  weigh 
only  one  pound  if  exposed  to  the  sun's  attraction  in  the  absence  of 
the  earth.  In  like  manner,  a  mass  which  upon  the  earth's  snrfaee 
would  weigh  1467333  lbs.,  or  655  tons,  would,  if  exposed  to  the 
sun's  attraction  at  the  mean  distance  of  Neptune,  weigh  only  one 
pound,  so  extremely  is  the  intensity  of  solar  attraction  enfeebled 
by  the  enormous  increase  of  distance. 

The  numbers  given  in  the  column  r  have  a  more  absolute  sense, 
and  express  in  thousandths  of  an  inch  the  actual  spaces  through 
which  a  body  would  be  drawn  in  one  second  of  time  by  the  son's 
attraction  at  the  mean  distances  of  the  planets  severally. 

IV.  Tabulated  Elembntb  of  ths  Satellites. 

2999.  The  elements  of  the  orbitS;  and  other  physical  data  relating 
to  the  satellites  of  Uranus,  Jupiter,  and  Saturn,  so  far  as  they  have 
been  discovered,  are  given  in  Tables  V.,  VI.,  and  VH.  After  the 
explanations  which  have  been  given  above  respecting  the  correspond- 
ing data  of  the  primary  pknets,  no  difficulty  will  be  found  in  com- 
prehending those  tables^  and  the  manner  of  computing  them. 


TABLE  V. 
Elements  of  the  Uranian  System. 


Tim  ef  retolothB  (diyt) 

Omteat  elomtatinn 

Dutuice  (hMB  Uruiu  la  wml-diunetor 

planet 

Dbiancs  rmm  Unnua  in  milM 

Orbital  vdocitj,  mil«  per  Iwur 

«'           ••        Cect  per  wcood 

mvity  _  1 

n  1  Mwoad 

1. 

11. 

IIL 

IV. 

V. 

VI. 

6-«( 

ir-ii 
is-ts 

228980 
lOOH 
14740 

-So 

8*707 
88"«I9 

17-08 
893800 
8828 
IU45 

1 

aoo 

i9-es? 

94S416 
8178 
11996 

I 

mT 

861 

I9^M 

»-76 

11900 
57 
177 

88*076 
88"  ^4 

4S-SI? 

T8B080 
6898 
7!II7 

1 
8788 

ID 

107-«M 

rrr  m 

•l-OI? 

woooo 

3816 
6620 

1 

Sm 
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TABLE  VL 
Elements  of  the  Jovian  Sjstem. 
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EpoA  .•••••••••• 

TWof  melnltaa  (4a7«)     .    .    .    . 

Gratat  •Mnr^liM 

DMaact  tnm  Ji»p>ler  io  aaai-diMnctar 
ofptoM 

Ecccatrieity   - 

Apouval  diaaMlw  teca  fti>oi  earib     • 

Bad  ditaMtar  ia  wni-diaawler,  Jupilw 
lailcs 

MM-Btfth^-l 

*•       Japiiv^-  1 

DaMhr-Baith'b-it 

•*         Watef^  a  1 

OlrMtl  tclodlf  ,  BiHn  pa- hoar  •    •    • 
••         •*       btipOTMcoad     «    • 

Gnvitatai  tsaraidb  Japiter^ter.  gr.H  I 

"  ••     MI  iocbM  ia  I  Mcond 

lBdiaatk«  af  orUt  to  a  fljiad  plaM 

pn>f«r  to  faeh 

iMlioaUiB  of    Iha    ftwd    |d»M    to 

J«pitar%  «|«tor 

TloM  of  ntracrada  lafolMliaa  of  aedoi^ 


1  Jaa.  I80L 
136" 


I"1W 

as*  nor' 

tan 

t 

rm 
1 


I 


14 
13-62 


00    0*    (T 
OP    V    6" 


1  Jan.  I80L 
3-S6IS 
116" 


907X 
4&1A9 

•S-S 

6^ 

OO    27'    50" 
0©    1'    6" 


I  Jia.  ISOI. 

7-1646 


163601 


SiMll 

RDd 

variiblo 
l"14ft 

18'  »• 
0098 
3878 


1 1300 
I 
U3 


I 

M 
2-146 

OO    «•    to" 

OO   6'    2" 

141-7980 


M.  T.  «. 
IJaa.  IIOL 


▼•mbla 
l"-496 

8'  68" 
0-03^8 

88ttl 

I 

TO 

I 

884iO 
J_ 
25-6 

4H8 
17748 


0-748 
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COMETS. 
I.    COMETARY   ORBITS. 

3000.  Prescience  of  the  astronomer,  —  For  the  civil  and  political 
historian  the  past  alone  has  existence  —  the  present  he  rarely  ap- 
prehends ;  the  future  never.  To  the  historian  of  science  it  is  per- 
mitted, however,  to  penetrate  the  depths  of  past  and  future  with 
equal  clearness  and  certainty :  facts  to  come  are  to  him  as  present, 
and  not  unfrequently  more  assured  than  facts  which  are  passed. 
Although  this  clear  perception  of  causes  and  oonsequenoes  charac- 
terises the  whole  domain  of  physical  science,  and  clothes  the  natanl 
philosopher  with  powers  denied  to  the  political  and  moral  inquirer, 
yet  foreknowledge  is  eminently  the  priyilese  of  the  astronomer. 
Nature  has  raised  the  curtain  of  futurity,  and  displayed  before  him 
the  succession  of  her  decrees,  so  far  as  they  affect  the  physical 
universe,  for  countless  ages  to  come ;  and  the  revelations  of  which 
she  has  made  him  the  instrument,  are  supported  and  verified  by  a 
never-ceasing  train  of  predictions  fulfilled.  He  "shows  us  the 
things  which  will  be  hereafter/'  not  obscurely  shadowed  out  in 
figures  and  in  parables,  as  must  necessarily  be  the  case  with  other 
revelations,  but  attended  with  the  most  minute  precision  of  time, 
place,  and  circumstance.  He  converts  the  hours  as  they  roll  into 
an  ever-present  miracle,  in  attestation  of  those  laws  which  his  Creator 
through  him  has  unfolded ;  the  sun  cannot  rise  —  the  moon  cannot 
wane  —  a  star  cannot  twinkle  in  the  firmament,  without  being 
witness  to  the  truth  of  his  prophetic  records.  It  has  pleased  the 
*^  Lord  and  Governor "  of  the  world,  in  his  inscrutable  wisdom,  to 
baffle  our  inquiries  into  the  nature  and  proximate  cause  of  that  won- 
derful faculty  of  intellect  —  that  image  of  his  own  essence  which  be 
has  conferred  upon  us;  nay,  the  springs  and  wheelwork  of  animal 
and  vegetable  vitality  are  concealed  from  our  view  by  an  impene- 
trable veil,  and  the  pride  of  philosophy  is  humbled  by  the  spectacle 
of  the  physiologist  bonding  in  fruitless  ardour  over  the  dissection  of 
the  human  brain,  and  peering  in  equally  unproductive  inquiry  over 
the  gambols  of  an  animalcule.  But  bow  nobly  is  the  darkness 
which  envelopes  metaphysical  inquiries  compensated  by  the  flood 
of  light  which  is  shed  upon  the  physical  creation  I  There  all  is 
harmony,  and  order,  and  majesty,  and  beauty.  From  the  chaos  of 
social  and  political  phenomena  exhibited  in  human  records  —  phe- 
nomena unconnected  to  our  imperfect  vision  by  any  discoverable 
law,  a  war  of  passions  and  prejudices,  governed  by  no  appareot 
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purpofle,  tending  to  no  apparent  end;  and  setting  all  intelligible 
order  at  defiance*— how  soothiog  and  yet  how  elevatiDg  it  is  to  turn 
to  the  splendid  speotacle  which  offers  itself  to  the  habitual  contem- 
plation of  the  astronomer  1  How  favourable  to  the  development  of 
all  the  best  and  highest  feelings  of  the  soul  are  such  objects !  the 
only  passion  they  inspire  being  the  love  of  truth,  and  the  chiefest 
pleasure  of  their  votaries  arising  from  excursions  through  the  im- 
posing scenery  of  the  universe  —  scenery  on  a  scale  of  grandeur  and 
magnificence,  compared  with  which  whatever  we  are  accustomed  to 
call  snUimity  on  our  planet  dwindles  into  ridiculous  insignifi- 
cancy. Most  justly  has  it  been  said,  that  nature  has  impknt^  in 
our  bosoms  a  craving  after  the  discovery  of  truth ;  and  assuredly 
that  glorious  instinct  is  never  more  irresistibly  awakened  than  when 
our  notice  is  directed  to  what  is  going  on  in  the  heavens.  '<  Quo- 
niam  eadem  Natura  cupiditatem  ingenuit  hominibus  veri  inveniendi^ 
quod  faciUime  apparet,  cum  vacui  curis,  etiam  quid  in  coelo  fiat, 
scire  avemns;  his  initiis  indued  omnia  vera  diligimns;  id  est, 
fidelia,  simplicia,  constantia ;  turn  vana,  falsa,  fidlentia  odimus."  * 

3001.  Strikingly  iUusirated  hy  cometary  dincovery.  —  Such  re- 
flections are  awakened  by  every  branch  of  the  science  which  now 
engages  us,  but  by  none  so  strongly  as  by  the  history  of  cometary 
diM»very.  Nowhere  can  be  found  so  marvellous  a  series  of  phe- 
nomena foretold.  The  interval  between  the  prediction  and  its  ful- 
filment has  sometimes  exceeded  the  limits  of  human  life,  and  one 
generation  has  beoueathed  its  predictions  to  another,  which  has  been 
filled  with  astonishment  and  admiration  at  witnessing  their  literal 
accomplishment. 

8002.  Motion  of  cornets  explained  by  tjravttatinn,  —  In  the  vast 
framework  of  the  theory  of  gravitation  constructed  by  Newton, 
places  were  provided  for  the  arrangement  and  exposition  not  only 
of  all  the  astronomical  phenomena  which  the  observation  of  all  pre- 
ceding generations  had  supplied,  but  also  for  a  far  greater  mass 
which  the  more  fertile  and  active  research  of  the  generations  which 
succeeded  him  have  furnished.  By  this  theory,  as  we  have  seen, 
all  the  known  planetary  motions  were  explained,  and  planets  pre- 
viously unseen  were  felt  by  their  effects,  their  places  ascertained, 
and  the  telescope  of  the  observer  guided  to  thcni. 

But  transcendently  the  greatest  triumph  of  this  celebrated  theory 
was  the  exposition  it  supplied  of  the  physical  laws  which  govern  the 
motions  of  comets,  as  distinguished  from  those  which  prevail  among 
the  planets. 

8003.  Conditions  imposed  on  the  orbits  of  bodies  which  are  sub* 
Jccl  to  the  attraction  of  gravitation.  —  It  is  proved  in  the  propo- 
sitions demonstrated  in  the  first  book  of  Newton's  Principia,  which 

*  Cic.  dc  Fin.  Bon.  et  Mai.  ii.  1 1. 
HI.  40 
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propositiDns  form  in  eubstanoe  the  groundwork  of  die  entire  tfiecvj 
of  gravitatioD,  that  a  body  whieh  ia  under  the  ieflaeiioe  of  a  eentni 
force,  the  intensity  of  which  deoreaaes  as  the  square  of  the  distaiice 
iooreases,  must  more  in  one  or  other  of  the  curves  known  to  geo- 
meters as  the  "  OONIO  SEonoNs/'  being  those  whieh  ore  fomaed  by 
the  intersoction  of  the  surface  of  a  oone  by  a  plane,  and  that  the 
centre  of  attraction  must  be  in  the  focus  of  the  curve ;  and  io  order 
to  prove  that  such  curves  are  compatible  with  no  other  law  of  attrac- 
tion, and  may  therefore  be  taken  as  conclusive  evidence  of  the  exist- 
ence of  this  law,  it  is  further  demonstrated  that  whenever  a  body  is 
observed  to  move  round  a  centre  of  attraction  in  any  one  of  these 
curves,  that  centre  being  its  focus,  the  law  of  the  attraction  will  be 
that  of  gravitation ;  that  is  to  say,  its  intensity  will  vary  io  the  in- 
verse proportion  of  the  square  of 
the  distance  of  the  moving  body 
from  the  centre  of  force. 

Subject  to  these  litnitatioos, 
however,  a  body  may  move 
round  the  sun  in  any  orbit,  at 
any  distanee,  in  any  plane,  and 
in  any  direction  whatever.  It 
may  describe  an  ellipee  of  any 
eccentricity,  from  a  perfect  cir- 
cle to  the  most  elongated  oval. 
This  ellipse  may  be  in  any  plane, 
from  that  of  the  ecliptic  to  one 
at  right  angles  to  it,  and  the 
body  may  move  in  such  ellipse:* 
either  in  the  same  direction  as 
the  earth  or  in  the  contrary  di- 
rection. Or  the  body  thus  sub- 
ject to  soUr  attraction  may  move 
in  a  parabola  with  ite  point  of 
perihelion  at  any  distanee  what- 
ever from  the  sun,  either  grazing 
its  very  suriaoe  or  sweeping  be- 
yond the  orbit  of  Neptune,  or, 
in  fine,  it  may  sweep  round  the 
sun  in  an  hyperbola,  entering 
and  leaving  the  system  in  two 
divergent  directions. 

To  render  these  explanations, 
which  are  of  the  greattst  interest 
and  importance  iu  relntion  to  the 
subject  of  comets,  more  cleHrly 
understood,  we  have  represented, 
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in  fig.  816,  the  fimnB  of  a  Tery  eooeDtrio  elHpfie,  ahci  h',  ft  puft- 
l>ola  apji^y  and  an  hyperbola  a  h  h%  haying  «  as  their  connsoa 
fcxras,  and  it  will  foe  oon^nieDt  to  explain  in  the  first  instsnoe  the 
relative  magoitade  of  some  important  lines  and  distanees  oonneeted 
-vrith  these  orbits. 

SOCNL.  Elliptic  erhit* — BUipses  or  OTals  vary  without  limit  in 
their  eccentricity.  A  circle  is  regarded  as  an  ellipse  whose  eoeen- 
tridty  is  nothing.  The  orbits  of  the  planets  generally  are  ellipses, 
but  having  eccentricities  so  small  that,  if  described  on  a  large  scale 
in  their  proper  proportions  on  paper,  they  would  be  distinguishable 
from  circles  only  by  measniiag  aoonrately  the  dimensions  taken  in 
different  dit«etion%  and  thus  aseertaining  that  tbey  are  longer  in  a 
certain  direction  than  in  another  at  right  angles  to  it  A  very 
eccentric  and  oblong  ellipse  is  delineated  in  Jiff.  816,  of  which  a  cS 
is  the  major  axis.  The  focus  being  <,  the  perihelion  distance  d  is 
s  a,  and  the  aphelion  distance  df'  is  s  a',  the  mean  distance  a  being 
a  Cj  or  half  the  major  axis.  The  ecoentrioity  e,  being  expressed  by 
the  numerical  ratio  of  the  distance  of  the  focus  %  from-  the  eentie  e 
to  the  semi-axis,  we  shall  have 
t  c 
a 

It  is  evident  from  what  has  been  just  stated,  then,  that  we  shall 
have 

{f  =  a  —  aXe=saX  (1  —  e), 
and  oonaequenily 

d 

and  also 

<;'=:;a  +  aXe=aX  (l  +  e)  =  c2x  ,         . 
^  1  —  e 

Hence  it  is  evident  that,  if  the  perihelion  distance  and  eccentricity 
be  given,  the  semi-axis  a  and  the  aphelion  distance  d'  can  be  com- 
puted. 

By  the  properties  of  the  ellipse,  the  distance  of  any  point  from 
the  focus  s  can  be  computed,  if  the  perihelion  distance  d^  the  eccen- 
tricity Cj  and  the  angular  distance  of  the  point  from  perihelion  be 
^?en.  Let  a  express  this  angular  distance,  which  is,  iu  fact,  the 
angle  formed  by  two  lines,  one  J,  drawn  from  a  to  a,  and  the  other 
z  from  s  to  the  actual  place  of  the  body  in  the  ellipse.  It  is  proved 
in  geometry  that  the  value  of  ;;  may  be  detormiued  in  all  cases  by 
the  formula, 

1  +  e 
1  4-  e  X  COS.  a' 
that  ift  to  oayi  if  the  perihelion  distanee  be  first  multiplied  by  the 
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eooentridty  increased  by  1,  and  the  prodact  then  di?ided  by  the 
number  found  by  adding  to  1  the  product  of  the  ecoentridtjr  and 
the  cosine  of  the  angular  distance  of  the  body  from  perihelioD,  the 
quotient  will  be  the  distance  of  the  body  from  the  focus  «. 

From  this  general  formula,  therefore,  the  expression  for  the  diA- 
tanoe  of  the  Imdy  from  the  focus  in  every  poeition  can  be  foond. 
Thus  at  90^  fr^m  perihelion  we  have 

COS.  a  =  COS.  90**  =  0, 
and  therefore  the  distance  «  l,  which  we  shall  call  l,  is 

l  =  dx(l  +  e'). 
If  we  suppose  a  =  180^,  we  shall  reproduce  the  ezpreasioB  for  the 
aphelion  distance  d',  for  cos.  180®  =  —  1 ;  and  therefore 

1  —  e 
It  will  be  useful  also  to  observe  that  the  cos.  a  is  positive  when  a  is 
less,  and  negative  when  a  is  greater,  than  90®. 

The  number  which  is  expressed  by  e  is  necessarily  less  than  1, 
smce  it  is  a  fraction  whose  numerator  <  c  is  less  than  its  denominator 
c  a.  The  more  eccentric  the  ellipse  is,  the  more  nearly  equal  will 
«  c  be  to  c  a,  and  consequently  the  more  nearly  equal  to  1  will  be 
the  eccentricity  e. 

The  distance  /;  being  greater  than  the  perihelion  distance  d,  in 
the  ratio  of  1  +  6  to  1,  it  will  therefore  be  always  less  than  twice 
this  distance,  inasmuch  as  1  +  e  is  always  less  than  2;  but  the 
more  eccentric  the  ellipse  is,  the  more  nearly  will  /  approach  to 
twice  the  perihelion  distance  d.  Thus,  for  example,  if  6  =  0-999, 
we  should  have  l  =  d  X  1-999,  which  falls  short  of  twice  the  peri- 
helion distance  by  not  more  than  the  1000th  part  of  that  distance. 

The  curvature  of  the  ellipse  continually  increases  from  the  mean 
distance  to  perihelion,  and  consequently  decreases  from  perihelion 
to  the  mean  distance,  being  equal  at  equal  angular  distaacea  from 
perihelion  as  seen  from  the  son. 

It  is  evident  that  if  a  body  move  in  a  veiy  eccentric  ellipse,  such 
as  that  represented  in  Jig.  816,  whose  plane  coincides  exactly  or 
nearly  with  the  common  plane  of  the  planetary  orbits,  it  may  inter* 
sect  the  orbits  of  several  or  all  of  the  planets,  as  it  is  represented  to 
dc  in  the  figure,  although  its  mean  distance  from  the  sun  may  be 
less  than  the  mean  distance  of 'several  of  those  which  it  thus  inter- 
sects. The  aphelion  distance  of  such  a  body  may,  therefore,  greatly 
exceed  that  of  any  planet,  while  its  mean  distance  may  be  less  than 
that  of  the  more  distant  planets. 

8005.  Parabolic  orhiu. — The  form  of  a  parabolic  orbit  having 
the  same  perihelion  distance  as  the  elliptic  orbit  is  reprteented  at 
appy  in  fig.  816.    This  orbit  consists  of  two  indefinite  branches, 
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ttmilar  in  form,  which  unite  at  perihdlioQ  a.  Departing  fro«  th^ 
point  on  opposite  sides  of  the  axis  aa',  their  curvature  regularly  and 
rapidly  decreases,  beiag  equal  at  equal  distances,  from  perihelion. 
The  two  hranches  have  a  constant  teudency  to  assume  the  direction 
and  form  of  two  straight  lines  parallel  to  the  axis  a  a'.  To  actual 
paralleliam^  and  still  less  to  convergence,  these  hranches,  however, 
never  attain,  and  consequently  they  can  never  reunite.  They 
extend,  in  fine,  like  parallel  straight  lines,  to  an  unlimited  distance 
without  ever  reunitii^  but  assumiag  directions  when  the  distance 
from  the  focus  bears  a  high  ratio  to  the  perihelion  diataoee,  whieh 
are  practically  undistinguishable  from  parallelism. 

It  18  demonstrated  in  geometry,  that  if  d  express  the  perihelion 
distance  and  z  the  distance  of  the  body  at  the  angular  distance  a 
from  the  perihelion,  we  shall  have 

2d 

1  +  cos.  a 

that  is  to  say,  the  distance  z  is  found  by  dividing  twice  the  peri* 
helioB  distance  by  1  added  to  the  cosine  of  the  ■  angular  distance 
from  perihelion. 

It  must  be  mentioned,  however,  that  when  a  is  greater  than  90^, 
the  cosine  is  negative,  and  its  value  must  then  be  subtracted  from  1 
to  obtain  the  divisor. 

To  find  the  distance  I  of  the  body  at  OO**  from  perihelion,  let 
a  =  90^,  and  consequently  cos.  a  =  0.     Therefore 

l  =  ld', 

that  is  to  say,  the  distance  at  90^  from  perihelion  is  twice  the 
perihelion  distance. 

One  parabolic  orbit  differs  from  another  in  its  perihelion  distance. 
The  less  this  distance  is,  the  less  will  be  the  separation  at  a  given 
distance  from  a  between  the  parallel  direotiona  to  whi<^  the  indefinite 
branchea  pf(  tend.  This  distance  may  have  any  magnitude.  The 
body  in  its  perihelion  may  grace  the  sarflMe  of  the  sun,  or  may  pass 
at  a  dittaaee  from  it  greater  than  that  of  the  most  remote  of  tho 
planets,  so  that,  although  it  be  subject  to  solar  attraction,  it  would  in 
tihat  case  never  enter  within  the  limits  of  the  solar  system  at  alL 

A  body  moving  in  such  an  orbit,  therefore,  would  not  make,  like 
one  whicn  moves  in  an  ellipse,  a  succession  of  revolutions  roimd  the 
ann ;  nor  can  the  term  periodic  time  be  applied  at  all  to  its  motion. 
It  enters  the  system  in  some  definite  direction,  such  asp' p,  as  indi- 
cated by  the  arrow,  from  an  indefinite  distance.  Arriving  within 
the  sensible  influence  of  solar  gravitation,  the  effects  of  this  attraction 
are  manifested  in  the  curvation  of  its  path,  which  gradually  increases 
ss  its  distance  from  the  sua  decreases,  until  it  arrives  at  perihelion, 
whttps  the  attractive  force,  and  conaequendy  the  ourvature,  attain 

40* 
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their  maxima.  The  extreme  velocity  which  the  body  attains  at  this 
point  produoesy  in  virtue  of  the  inertia  of  the  moving  mass,  a  cen- 
trifngal  force,  which  counteracts  the  gravitation,  and  the  body,  after 
passing  perihelion,  begins  to  retreat;  the  solar  gravitation  and  the 
oorvatore  of  its  path  decreasing  together,  until  it  issues  from  the 
system  in  a  direction  />y,  as  indicated  by  the  arrows,  which  is 
nearly  a  straight  line,  and  parallel  to  that  in  which  it  entered.  In 
snoh  an  orbit  a  body  therefore  visits  die  system  but  once.  It  enters 
in  a  certain  direction  from  an  indefinite  distance,  and,  passing 
through  its  perihelion,  issues  in  a  parallel  direction,  passing  to  an 
unlimited  distance,  never  to  return. 

8006.  Hyperbolic  orbits.  —  This  chss  of  orbits,  like  the  para- 
bolas, consist  of  two  indefinite  branches,  which  unite  at  perihelion, 
which  at  equal  distances  from  perihelion  have  equal  curvatures,  and 
which,  as  the  distance  from  perihelion  increases,  approach  indefi- 
nitely in  direction  and  form  to  straight  lines ;  but^  unlike  the  para- 
bolic orbits,  the  straight  lines  to  whose  direction  the  two  branches 
approximate  are  divergent  and  not  parallel. 

Such  an  orbit  having  the  same  perihelion  distance  aA  the  ellipse 
and  parabola,  is  represented  by  aKK\fig.  816. 

If  z  express,  as  before,  the  distance  of  the  body  from  «,  when  its 
angular  distance  from  perihelion  is  a,  and  if  €  express  a  certain 
number,  which,  instead  of  being  less,  as  in  the  case  of  the  ellipse, 
is  greater  than  1,  we  shall  have 

2  =  a   X    = — ; , 

1   +  C  X   COS.  » 

a  formula  identical  with  that  which  expresses  the  value  of  z  in  the 
case  of  the  ellipse,  the  difference  being  merely  in  the  relation  which 
the  number  e  bears  to  1. 

It  is  easy  to  perceive  that  when  the  perihelion  distance  is  the 
same,  the  value  of  z  for  any  proposed  angular  distance  from  peri- 
helion is  greater  in  the  hyperbola  than  in  the  ellipse,  and  that  its 
value  in  the  parabola  is  intermediate,  being  less  than  in  the  hy- 
perbola and  greater  than  in  the  ellipse. 

The  parabola  is,  therefore,  included  between  the  ellipse  and 
hyperbola,  and  the  less  the  number  e  falls  short  of  1  for  the  ellipse, 
and  exceeds  it  for  the  hyperbola,  the  nearer  will  the  three  orbits  be 
in  relation  to  each  other  at  those  parts  which  are  not  very  fiur 
removed  from  perihelion. 

The  dbtance  I  of  the  body  which  moves  in  the  hyperbola  at  90^ 
from  perihelion,  is 

the  same  as  for  the  ellipse.    If  I  express  this  distance  for  the  eUipse, 
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f  for  the  parabola,  and  T  for  the  hyperbola,  and  ^  ezpreaa  the  nJue 
of  e  for  the  hyperbola,  we  shall  have 

I  =d  X  (1  +  e) 

V  =2d 

V'  =  dx  (1  +  /), 

and  oonseqaently  the  distances  between  the  parabola  and  each  of 
the  other  orbits  at  90^  from  perihelion,  measured  in  the  direction 
ofW^,wiUbe 

V  —I  ^dX  a  —  e) 

r  —  v=.dx  (^—1). 

It  is  evident,  therefore,  that,  whatever  be  the  fraction  by  which 
e  falls  short  of  1,  and  by  which  ^  exceeds  1,  the  same  will  be  the 
fraction  of  the  perihelion  distance  by  which  the  parabola  at  this 
point  is  separated  from  the  other  orbits. 

It  will  be  recollected  that,  when  a  exceeds  90^,  the  cos.  a  becomes 
negative,  and,  consequently  we  would  then  have 

1  +e 


2J  =  Cf  X 


1  —  ex  COS.  \ 


Now,  as  the  cos.  a,  which  is  0,  when  o  =  90^  increases,  the  product 
€  X  cos.  a,  which,  after  passins  90^,  is  very  minute,  will  also  in- 
crease, and,  conseauently,  the  divisor  I  —  e  X  cos.  a  will  decrease. 
This  will  evidently  cause  a  proportionate  increase  of  z.  As  the 
product  e  x  cos.  a  approaches  to  1,  the  divisor  decreasing,  the  value 
of  z  rapidly  increases ;  and  when  e  x  cos.  a  becomes  actually  =  1, 
z  becomes  infinite. 

The  geometrical  interpretation  of  this  analytical  contingency  is, 
that  each  branch  of  the  orbit,  in  receding  from  the  centre  of  attrac- 
tion a,  approaches  indefinitely  to  coincidence  with  certain  straight 
lines,  which  make,  with  the  direction  of  perihelion,  an  angle,  the 
cosine  of  which  has  such  a  value,  that  e  X  cos.  «  =  1;  that  is,  an 

angle  whose  cone  is  —. 

If  two  straight  lines,  therefore,  be  drawn  from  a,  making  an 

angle  with  the  axis  a  a',  whose  cosine  is  — ,  these  lines  will  be  the 

directions  into  which  the  two  branches  of  the  hyperbolic  orbit  have 
a  constant  tendency  to  run.  They  will,  therefore,  be  the  limit  of 
the  divergence  of  the  branches  hh'. 

It  is  evident,  therefore,  that  the  more  the  number  e  exceeds  1, 
the  greater  will  be  the  angle  of  divergence  of  the  two  branches  h  V, 
and  the  less  it  exceeds  1,  the  nearer  will  the  hyperbolic  branches 
hhf  approach  to  the  parabolic  branches  j^y. 

In  the  Jig,  816,  the  orbits  circular,  elliptic,  parabolic,  and  hyper* 


47*  ASZKOKOMT. 

bolb  are  neoaMarily  rapraseDted  as  being  all  in  the  same  plane.  It 
must,  however,  be  uDderstood,  that  so  far  as  any  oonditioiM  are 
imposed  upon  them  by  the  law  of  gravitation,  they  may  seyerallj 
be  in  any  planes  whatever,  inclined  eaeh  to  the  other,  at  any  angles 
whatever,  from  0^  to  90^,  with  their  mutual  intersection  or  lines  of 
nodes  in  any  direction  whatever,  and  that  the  bodies  may  move  in 
these  several  orhits,  in  any  directioBS,  how  opposed  soever  to  each 
other. 

8007.  PlaneU  observe  in  their  motions  order  not  exacted  hy  the 
law  of  gravitation.  —  When  the  theory  of  gravitation  was  first  pro- 
pounded by  its  illustnotts  author,  no  other  bodies,  save  the  planets 
and  satellites  then  discoveredi  were  known  to  move  under  the  in- 
fluence of  such  a  central  attraction.  These  bodies,  however,  sap- 
plied  no  example  of  the  play  of  that  celebrated  theory  in  its  fall 
latitude.  They  obeyed,  it  is  true,  its  laws,  but  they  did  much  more. 
They  displayed  a  degree  of  harmony  and  order  far  exceeding  what 
the  law  of  gravitation  exacted.  Permitted  by  that  law  to  move  in 
any  of  the  three  classes  of  conic  sections,  their  paths  were  exclu- 
sively elliptical ;  permitted  to  move  in  ellipses  infinitely  various  in 
their  eccentricities,  they  moved  exclusively  in  such  as  differed  almost 
insensibly  from  circles ;  permitted  to  move  at  distances  subordinated 
to  no  regular  law,  they  move  in  a  series  of  orbits  at  distances  in- 
creasing in  a  regular  progression ;  permitted  to  move  at  all  conceiv- 
able angles  with  the  plane  of  the  ecliptic,  their  paths  are  inclined  to 
it  at  angles  limited  in  general  to  a  few  decrees;  permitted,  in  fine^ 
tQ  move  in  either  direction,  they  all  agreed  in  moving  in  the  directioa 
in  which  the  earth  moves  in  its  annual  course. 

Accordance  so  wondrous,  and  order  so  admirable,  could  not  be 
fortuitous,  and,  not  being  enjoined  by  the  conditions  of  the  law  of 
gravitation,  must  either  be  ascribed  to  the  immediate  dictates  of  the 
Omnipotent  Architect  of  the  universe  above  all  general  laws,  or  to 
some  general,  laws  superinduced  upon  gravitation,  which  had  escaped 
the  sagacity  of  the  discoverer  of  that  principle.  If  the  former  sup- 
position were  adopted,  some  bodies,  difierent  in  their  physical  cha- 
racters from  the  planets,  primary  and  secondary,  and  playing  differ- 
ent parts  and  fulfilling  different  functions  in  the  economy  of  the 
universe,  might  still  be  found,  which  would  illustrate  the  play  of 
gravitation  in  its  full  latitude,  sweeping  round  the  sun  in  all  forms 
of  orbit,  eccentric,  parabolic,  and  hyperbolic,  in  all  planes,  at  all 
distances,  and  indifferently  in  both  directions.  If  the  latter  suppo- 
sition were  accepted,  then  no  other  orbit,  save  ellipses  of  small 
eccentricity,  with  planes  coinciding  nearly  with  that  of  the  ecliptic, 
would  be  physically  possible. 

3008.  Ccineta  observe  no  such  order  in  their  nu>tton», — The 
theory  of  gravitation  had  not  long  been  promulgated,  nor  as  yet 
been  generally  accepted,  when  the  means  of  its  further  verification 


COMETS.  477 

were  Bonghi  in  the  motion  of  comets.  Hitherto  these  bodies  had 
been  regarded  as  exceptional  and  abnormal,  and  as  being  exempt 
altogether  from  the  operation  of  the  law  and  order  which  prevailed 
in  a  manner  so  striking  among  the  members  of  the  solar  system. 
So  little  attention  had  been  given  to  comets,  that  it  had  not  been 
certainly  ascertained  whether  they  were  to  be  classed  as  meteoric  or 
eoemical  phenomena;  whether  their  theatre  was  the  regions  of  the 
atmoepherey  or  the  vast  spaces  in  which  the  great  bodies  of  the  uni- 
verse move.  Their  apparent  positions  in  Uie  heavens  on  various 
oooasions  of  the  appearances  of  the  most  conspicuous  of  them,  had 
nevertheless  been  from  time  to  time  for  some  centuries  observed 
and  recorded  with  such  a  degree  of  precision  as  the  existing  state 
of  astrononical  science  permitted ;  and  even  when  their  places  were 
not  astronomically  ascertained,  the  date  of  their  appearance  was  gene- 
rally preserved  in  the  historic  records,  and  in  many  cases  the  con- 
stellations through  which  they  passed  were  indicated,  so  that  the 
means  of  obtaining  at  least  a  rude  approximation  to  their  position 
in  the  firmament  were  thus  supplied. 

3009.  They  move  in  conic  sections,  foith  the  sun  for  the  focus,  •— 
Such  observations,  vague,  scattered,  and  inexact  as  they  were,  sup- 
plied, however,  data,  by  which,  in  several  cases,  it  was  possible  to 
compute  the  real  motion  of  these  bodies  through  space,  their  posi- 
tions in  relation  to  the  sun,  the  earth,  and  the  pknets,  and  the 
paths  they  followed  in  moving  through  the  system,  with  sufficient 
approximate  accuracy  to  conclude  with  certainty  that  they  were  one 
or  other  of  the  conic  sections,  the  place  of  the  sun  being  the  focus. 

This  was  sufficient  to  bring  these  bodies  under  the  general  opera- 
tion of  the  attraction  of  gravitation. 

It  still  remained,  however,  to  determine  more  exactly  the  specific 
character  of  these  orbits.  Are  they  ellipses  more  or  less  eccentric  ? 
or  parabolas  ?  or  hyperbolas  ?  Any  of  the  three  classes  of  orbits 
would,  as  has  been  shown,  be  equaUy  compatible  with  the  law  of 
gravitation. 

3010.  Difficulty  of  ascertaining  in  what  $pecies  of  conic  section 
a  comet  moves,  — It  might  be  supposed  that  the  same  course  of  ob- 
servation as  that  by  which  the  orbit  of  a  planet  is  traced  would  be 
applicable  equally  to  comets.  Many  circumstances,  however,  attend 
this  latter  class  of  bodies,  which  render  such  obsOTations  impossi- 
ble, and  compel  the  astronomer  to  resort  to  other  means  to  determine 
their  orbits. 

A  spectator  stationed  upon  the  earth  keeps  within  his  view  each 
of  the  other  planets  of  the  system  throughout  nearly  the  whole  of 
its  course.  Indeed,  there  is  no  part  of  the  orbit  of  any  planet  in 
which,  at  some  time  or  other,  it  may  not  be  seen  from  the  earth. 
Every  point  of  die  path  of  each  planet  can  therefore  be  observed; 
and,  alUiongh  without  waiting  for  such  observation,  its  course  might 
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88  aD  J  of  the  planets,  though  invested,  as  will  presently  appear,  with 
an  extremely  different  physical  character. 

It  will,  therefore,  be  easily  conceived  with  what  profound  inteieit 
comets  were  regarded  before  the  theory  of  gravitation  had  been  yet 
firmly  ^established  or  generally  aocepfed,  and  while  it  was,  so  to 
speak,  upon  its  trial.  These  bodies  were,  in  fact,  looked  fat  as  the 
witnesses  whose  testimony  must  decide  its  fate. 

3013.  Difficulties  offending  the  analysis  o/^oometary  motions. — 
Difficulties,  however,  which  seemed  almost  insurmountable,  oppcned 
themselves  to  a  satisfactory  and  conclusive  analysis  of  their  molioiis. 
Many  causes  rendered  the  observations  upon  their  apparent  places 
few  in  number  and  deficient  in  precision.  The  vKAgag^^  a^^ 
and  ^'  a  </'  of  the  three  classes  of  orbit,  in  any  of  which  they  might 
move  without  any  violation  of  the  law  of  gravitation,  were  veiy 
nearly  coincident  in  the  neighbourhood  of  the  place  of  perihelion  a. 
It  was,  for  example,  in  almost  all  the  cases  which  presented  them- 
selves, possible  to  conceive  three  different-  curves,  an  eccentric 
ellipse,  such  as  a  6  a'  &',  a  parabola,  such  as  y jp  a,  and  an  hyper- 
bola, such  as  A'  h  a  J  so  related  that  the  arcs  ffaffj  ff*  o  f/,  and 
g^'  a  y,  would  not  deviate  one  from  another  to  an  extent  exceeding 
the  errors  inevitable  in  cometary  observations.  Thus  any  one  of 
the  three  curves  within  the  limits  of  the  visible  path  of  the  comet 
might  with  equal  fidelity  represent  its  coarse.  In  such  cases, 
therefore,  it  was  impossible  to  infer,  from  the  observations  alone, 
whether  the  comet  belonged  to  the  class  of  hyperbolic  or  parabolic 
bodies^  which  have  no  periodic  character,  or  to  the  elliptic^  which 
has. 

8014.  Periodicity  ahne  proves  the  eUiptic  character, — ^The  char 
racter  of  periodicity  itself,  which  belongs  exclusively  to  elliptte 
orbits,  supplied  the  means  of  surmounting  this  difficulty.  If  any 
observed  comet  have  an  elliptic  motion,  it  must  return  to  perihelion 
after  completing  its  revolution,  and  it  must  have  been  visible  on 
former  returns  to  that  position.  Not  only  ought  it  to  be  expected, 
therefore,  that  such  a  comet  would  re-appear  in  future,  afler 
absences  of  equal  duration  (depending  on  its  periodic  time),  but 
that  its  previous  returns  to  perihelion  would  be  found  by  searching 
among  the  recorded  appearances  of  such  objects  for  any,  the  dates 
of  whose  appearance  might  correspond  with  the  supposed  periai, 
and  whose  apparent  motions,  if  observed,  might  indicate  a  real 
motion  in  an  orbit,  identical,  or  nearly  so,  with  that  of  the  comet  in 
question. 

If  the  motion  of  such  a  body  were  not  effected  by  any  other  force 
except  the  solar  attruction,  it  would  re-appear  after  each  successive 
revolution  at  exactly  the  same  point;  would  follow,  while  vi:%ible, 
exactly  the  same  arcy  ofy";  would  move  in  the  same  plane,  inclined 
at  the  same  angle  to  the  ecliptic^  the  nodes  retaining  the  same 
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places;  and  would  arrive  at  its  perihelion  at  ezaetly  the  same  point 
Oj  and  afler  exactly  equal  intervals. 

Now,  although  the  disturbing  actions  of  the  planets  near  which 
it  might  pass,  in  departing  from  and  returning  to  the  sun,  must  be 
expected  to  be  much  more  considerable  than  when  one  planet  acts 
upon  another,  as  well  because  of  the  extreme  comparative  lightness 
of  the  comet,  as  of  the  ^at  eccentricity  of  its  orbit,  which  some- 
times actually  or  nearly  mtersects  the  paths  of  several  planets,  and 
especially  those  of  the  larger  ones,  yet  still  such  planetary  attrac- 
tions are  only  dbturbances,  and  cannot  be  supposed  to  efface  that 
character  which  the  orbit  receives  from  the  predominant  force  of 
the  immense  mass  of  the  sun.  While,  therefore,  we  may  be  pre- 
pared for  the  possibility,  and  even  the  probability,  that  the  same 
periodic  comet,  on  the  occasion  of  its  successive  re-appearances,  may 
follow  a  path  g^'  a  ^'  in  passing  to  and  from  its  perihelion,  differing 
to  some  extent  from  that  which  it  had  followed  on  previous  appear- 
ances, yet  in  the  main  such  differences  cannot,  except  in  rare  and 
exceptional  cases,  be  very  considerable,  and  for  the  same  reason  the 
intervals  between  its  successive  periods,  though  they  may  differ, 
cannot  be  subject  to  any  very  great  variation. 

3015.  Periodicity,  combined  with  the  identify  of  the  paths  while 
viisibUy  establithet  identity. — If  then,  on  examining  the  various 
comets  whose  appearances  have  been  recorded,  and  whose  places 
while  visible  have  been  observed,  and  on  computing  from  the  appa- 
rent places  the  arc  of  the  orbit  through  which  they  moved,  it  be 
found  that  two  or  more  of  them,  while  visible,  moved  in  the  same 
path,  the  presumption  will  be  that  these  were  the  same  body  re-ap- 
pearing after  having  completed  its  motion  in  an  elliptic  orbit ;  nor 
should  this  presumption  of  identity  be  hastily  rejected  because  of 
the  existence  of  any  discrepancies  between  the  observed  paths,  or 
any  inequality  of  the  intervals  between  its  successive  re-appearances^ 
80  long  as  such  discrepancies  can  fairly  be  ascribed  to  the  possible 
disturbances  produced  by  planets  whioh  the  comet  might  have  en- 
countered in  its  path. 

3016.  Many  comets  recorded — few  observed.  —  Many  comets, 
however,  have  been  recorded,  but  not  observed.  Historians  have 
mentioned,  and  even  described  their  appearances,  and  in  some  cases 
have  indicated  the  chief  constellations  through  whioh  such  bodies 
passed,  although  no  observations  of  their  apparent  places  have  been 
transmitted  by  which  any  close  approximation  to  their  actual  paths 
could  be  made.  Nevertheless,  even  in  these  cases,  some  clue  to 
their  identification  is  supplied.  The  intervals  between  their  appear* 
ances  alone  is  a  highly  probable  test  of  identity.  Thus  if  comets 
were  regularly  recorded  to  have  appeared  at  intervals  of  fifty  years 
(no  circumstance  affording  evidence  of  the  diversity  of  these  objects), 
they  might  be  assumed;  with  a  high  degree  of  probabUity,  to  be 
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tbe  suooesrive  returns  of  an  elliptic  comet  having  that  interral  as  its 
period. 

3017.  Clarification  of  the  comeiary  orbits. — The  appearances 
of  about  400  comets  had  been  recorded  in  the  annals  of  yarions 
couDtries  before  the  end  of  the  seyenteenth  century,  the  epoch  sig- 
nalised bj  the  discoyeries  and  researches  of  Newton.  In  most  cases, 
however,  the  only  circumstance  recorded  was  the  appearanoe  of  tbe 
object,  accompanied  in  many  instances  with  details  bearing  evident 
marks  of  exaggeration  respecting  its  magnitude,  form  and  splendour. 
In  some  few  cases,  the  constellations  through  which  the  object  passed 
successively,  with  the  necessary  dates,  are  mentioned,  and  in  some, 
fewer  still,  observations  of  a  rough  kind  have  been  handed  down. 
From  such  scanty  data,  eagerly  sought  for  in  the  works  preserved  in 
different  countries,  sufficient  materials  have  been  collected  for  the 
computation,  with  more  or  less  approximation,  of  the  elements  of 
the  orbits  of  about  sixty  of  the  400  comets  above  mentioned. 

Since  the  time  of  Newton,  Halley,  and  their  contemporaries, 
observers  have  been  more  active,  and  have  had  the  command  of 
instruments  of  considerable  and  constantly  increasing  power;  so 
that  every  comet  which  has  been  visible  firom  the  northern  hemi- 
sphere of  the  earth  since  that  time,  has  been  observed  with  oon- 
tmually  increasing  precision,  and  data  have  been  in  all  eases  ob- 
tuned,  by  which  the  elements  of  the  orbits  have  been  calcdated. 
Since  the  year  1700,  accordingly,  about  140  have  been  observed, 
tiie  elements  of  the  orbits  of  wmch  have  been  ascertained  with[  great 
precision. 

It  appears,  therefore,  that  of  the  entire  number  of  cometv  wfaldi 
have  appeared  in  the  firmament,  the  orbits  of  about  200  have  been 
ascertained.  Of  this  number,  forty  have  been  ascertained,  some 
conclusively,  others  with  more  or  less  probability,  to  revolve  in 
elliptiod  orbits. 

Seven  have  passed  through  the  system  in  hyperbolss,  and  con- 
sequently will  not  visit  it  again,  unless  they  be  thrown  into  other 
orbits  by  some  disturbing  force. 

One  hundred  and  sixty  have  passed  through  the  system  either  in 
parabolic  orbits,  or  in  ellipses  of  such  extreme  eccentricity  as  to  be 
undistinguishable  firom  parabolas  by  any  data  supplied  by  the 
observatipns. 

n.  Elliptio  Comets  bivolying  within  the  obbit  of 
Saturn. 

8018.  EncMs  comet — In  1818,  a  comet  was  observed  at  Mar- 
seilles, on  the  26th  of  November,  by  M.  Pons.  In  the  following 
January,  its  path  being  calculated,  M.  Arago  immediately  recog- 
nised it  as  identical  with  one  which  had  appeared  in  1805.     Sub>   , 
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sequcntlj,  M.  Enck6  of  Berlin  succeeded  in  calculating  its  entire 
orbit  —  inferriDg  the  invisible  from  the  visible  part  —  and  found 
that  its  period  was  about  twelve  hundred  days.  This  calculation 
was  verified  by  the  fact  of  its  return  in  1822,  since  which  time 
the  comet  has  gone  by  the  name  of  Encki's  cometj  and  returned 
regularly. 

It  may  be  asked,  How  it  could  have  happened  that  a  comet  which 
made  its  revolution  in  a  period  so  short  as  three  years  and  a  quarter, 
should  not  have  been  observed  until  so  recent  an  epoch  as  1818  ? 
This'  is  explained  by  the  £M3t  that  the  comet  is  so  small,  and  its 
light  so  feeble  even  when  in  the  most  favourable  position,  that  it 
can  only  be  seen  by  the  aid  of  the  telescope,  and  not  even  with  this, 
except  under  certain  conditions  which  are  not  fulfilled  on  the  oc- 
casion of  every  perihelion  passage.  Nevertheless,  the  comet  was 
observed  on  three  former  occasions,  and  the  genend  elements  of  its 
path  recorded,  although  its  elliptic,  and  consequently  periodic  cha- 
racter, was  not  recognised. 

On  comparing,  however,  the  elements  then  observed  with  those 
of  the|  comet  now  ascertained,  no  doubt  can  be  entertained  of  their 
identity. 

3019.  Table  of  the  demenU  of  the  orhit.  —  In  the  following  table 
are  jHven  the  elements  of  the  orbit  of  this  comet,  as  computed  from 
the  MMervations  made  upon  it  at  each  of  its  three  appearances  in 
1786,  1795,  and  1805,  before  its  periodic  character  was  discovered, 
and  at  its  eleven  subsequent  appearances  up  to  1852. 

TABLE  I. 

Elements  of  the  Orbit  of  Enck^'s  Comet  to  1862. 


1786 
1796 
1KI6 
1819 
!£<« 
182S 
1^29 
1S32 
1836 
ItCM 
Ifc42 
IMS 
IM8 
1W2 

Haul 

EvtbV 
-1. 

Iridty. 

FkrihUiflii 
DuUBce. 

ifiSS" 

LeiifitadA 
PcribdioD. 

A«eeiMlli« 
Nod*. 

ImUmIIoII 

Time  or  PcriliellM 

m 

a 

(l-«) 

(1-Ha) 

» 

V 

i 

8-9080 
2-8  ISO 
2-2I31 
8-2I4I 
B-9244 
2-S(n9 

\^ 

a-2<27 
28^ 
9-2229 

2-2215 
2-2147 
9-2162 

084S4 
0-M'« 
0-5462 
0-8486 
0-8446 
0-8449 

0-M48 
08474 
0-8478 
0-«477 

04348 
08844 
0-3404 
08363 

o<Heo 

0*3449 
0-3466 
03436 
03444 
03440 
OMfiO 
0-S381 
0-3371 
0-3874 

'^ 

4  1028 
4-1017 
4  1023 
4-1008 
4-1010 
4-iOM 
4-0896 
4-1049 
4  0'«l 
4'0b30 

o     $    » 
166  88 
166  41  90 
126  47  94 

166  89  19 

167  11  44 
157   14  81 
167  17  68 
167  81     1 
167  83  29 
107  27    4 
157  IS  87 
167  44  81 
167  «7    8 
167  61     8 

o    *    » 
384    8 
334  88  88 

384  90  10 
8ft4  83  19 
834  96    9 
884  87  80 
884  28  38 
334  38    9 
334  34  M 
884  88  41 
334  88  10 
884   19  84 
334  82  18 
834  88  21 

o     »     '# 
IS  86 
19  42  80 

13  90  84 

;:ss 

IS    7  84 
19    7  B 

A.        M. 

JuuSOl        81       7 
Dm.  21.       10      44 
Nov.  21.      18        9 
Ju.  97.         6      18 
May  88.       83      10 
8q>t.  i&        6      48 
Jan.  8L          18       8 

?;[%.  1  8 

Doe.  19.        0     87 
April  18.        0      86 
Aiic.9.          16      11 
NM.  98.         8+0 
Mtf .  14.      90  ^ 
M.T.B. 

The  motion  of  this  comet  is  direct ;  and  its  period  in  1852  was 
3-29616  jears,  which  is  subject  to  a  slight  variation. 

It  is  evident  that  between  1786  and  1795  there  were  two^ 
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between  1795  uid  1805  two,  and,  in  fine,  between  1805  and  1819 

three,  unobserved  returns  to  perihelion. 

It  appears,  therefore,  that,  exoepting  the  oval  form  of  the  orbit, 
the  motion  of  this  body  differs  in  nothing  from  that  of  a  planet 
whose  mean  distance  from  the  sun  is  that  of  the  nearest  of  the  pla- 
netoids. Its  eccentricity  is  such,  however,  that  when  in  perihelion 
it  is  within  the  orbit  of  Mercury,  and  when  in  aphelion  it  is  outside 
the  most  distant  of  the  planetoids,  and  at  a  distance  firom  the  sun 
equal  to  four-fifths  of  that  of  Jupiter. 

3020.  Indications  of  the  effects  of  a  resiuing  medium,  —  A  &ct 
altogether  anomalous  in  the  motions  of  the  bodies  of  the  solar 
system,  and  indicating  a  consequence  of  the  highest  physical  im- 
portance, has  been  disclosed  in  the  observation  of  the  motion  of  this 
comet  It  has  been  found  that  its  periodic  time,  and  consequently 
its  mean  distance,  undergoes  a  slow,  gradual,  and  apparently  regular 
decrease.  The  decrease  is  small,  but  not  at  all  uncertain.  It 
amounted  to  about  a  day  in  ten  revolutions,  a  quantity  which  could 
not  by  any  means  be  placed  to  the  account  either  of  errors  of  obeer- 
vation  or  of  calculation;  and,  besides,  this  increase  is  incessant, 
whereas  errors  woald  affect  the  result  sometimes  one  way  and  some- 
times the  other.  The  period  of  the  comet  between  1786  and  1795 
was  12084  days;  between  1795  and  1805  it  was  1207y^  days; 
between  1805  and  1819  it  was  1207 A  days;  in  1845  it  was  1205| 
days ;  and,  in  fine,  in  1852  it  was  1204  days. 

The  magnitude  of  the  orbit  thus  constantly  decreasing  (for  the 
cube  of  its  greater  axis  must  decrease  in  the  same  proporUon  as  the 
square  of  the  period),  the  actual  path  followed  by  the  comet  must 
be  a  sort  of  elliptic  spiral,  the  successive  coils  of  which  are  very  dose 
together,  every  successive  revolution  bringing  the  comet  nearer  and 
nearer  to  the  sun. 

Such  a  motion  could  not  arise  from  the  disturbing  action  of  the 
planets.  These  forces  have  been  taken  strictly  into  account  in  the 
computation  of  the  ephemerides  of  the  comet,  and  there  is  still 
found  this  residual  phenomenon,  which  cannot  be  placed  to  theii 
account,  but  which  is  exactly  the  effect  which  would  arise  from  any 
physical  agency  by  which  the  tangential  motion  of  the  comet  would 
DC  feebly  but  constantly  resisted.  Such  an  agency,  by  diminishing 
the  tangential  velocity,  would  give  increased  efficacy  to  the  solar 
attraction,  and,  consequently,  increased  curvature  to  the  comet's  path ; 
80  that,  aiter  each  revolution,  it  would  revolve  at  a  less  distance 
from  the  centre  of  attraction. 

3021.  The  lumini/erous  ether  would  produce  such  an  effect,  — 
It  is  evident  that  a  resisting  medium,  such  as  the  luminiferous  ether 
(1225)  is  assumed  to  be  in  the  hypothesis  which  forms  the  basis  of 
the  undulatory  theory  of  light,  would  produce  just  such  a  pheno- 
menon, and,  accordingly,  the  motion  of  this  comet  is  regarded  as  a 
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strong  eyidence  tending  to  conyert  that  hypothetical  fluid  into  a  real 
physical  agent. 

It  remains  to  he  seen  whether  a  like  phenomenon  will  be  de- 
veloped in  the  motion  of  other  periodic  comets.  The  discoyery  of 
these  bodies,  and  the  observation  of  their  motions,  are  as  yet  too 
recent  to  enable  astronomers,  notwithstanding  their  greatly  mul- 
tiplied number,  to  pronounce  decisiyely  upon  it. 

8022.  OameU  wuld  vUimatefy  fall  into  the  $un.  —  If  the  ex- 
istence of  this  resisting  medium  should  be  established  by  its  observed 
effects  on  comets  in  general,  it  will  follow  that,  after  the  lapse  of  a 
certain  time  (many  ages,  it  is  true,  but  still  a  definite  interval),  the 
comets  will  be  successively  absorbed  by  the  sun,  unless,  as  is  not 
improbable,  they  should  be  previously  vaporized  by  their  near 
approach  to  the  solar  firesi  and  should  thus  be  incorporated  with  his 
atmosphere.* 

3023.  Why  like  effects  arfi  not  manifested  in  the  motion  of  the 
planets. —  It  may  be  asked,  If  the  existence  of  a  resisting  medium 
be  admitted,  whether  the  same  ultimate  fate  must  not  await  the 
planets?  To  this  inquiry  it  may  be  answered  that,  within  the 
limits  of  past  astronomical  record,  the  ethereal  medium,  if  it  exist, 
has  had  no  sensible  effect  on  the  motion  of  any  planet.  That  it 
might  have  a  perceptible  effect  upon  comets,  and  yet  not  upon 
planets,  will  not  be  surprisinff,  if  the  extreme  lightness  of  the 
comets  compared  with  their  bnUc  be  considered.  The  eflfeot  in  the 
two  cases  may  be  compared  to  that  of  the  atmosphere  upon  a  mece 
of  swan's  down  and  upon  a  leaden  bullet  moving  through  it  It  la 
certain  that  whatever  may  be  the  nature  of  this  resisting  mediusi| 

*  In  the  efforts  bj  which  the  human  mind  laboars  after  trath,  it  is  curioaa 
to  observe  bow  often  that  desired  object  is  stumbled  upon  by  accident,  or 
arrived  at  by  reasoning  which  is  false.  One  of  Newton's  coigectares  re-' 
epecting  comets  was,  that  they  are  **  the  aliment  by  which  suns  are  sus- 
tained ;"  and  he  therefore  concluded  that  these  bodies  were  in  a  state  of 
progressive  decline  upon  the  suns,  round  which  they  respectively  swept; 
and  that  into  these  suns  they  from  time  to  time  fell.  This  opinion  appears 
to  have  been  cherished  by  Newton  to  the  latest  hours  of  his  life :  ne  not 
only  consigned  it  to  his  immortal  writings ;  but,  at  the  age  of  eighty-three, 
a  conversation  took  place  between  him  and  his  nephew  on  tUs  subjeet, 
which  has  come  down  to  us.  **  I  oannot  say,"  said  Newton,  **  when  the 
comet  of  1680  will  fall  into  the  sun :  possibly  after  five  or  six  revolutions ; 
but  whenever  that  time  shall  arrive,  the  heat  of  the  sun  will  be  raised  by  it 
to  such  a  point,  that  our  globe  will  be  burnt,  and  all  the  animals  upon  it 
will  perish.  The  new  stars  observed  by  Hipparohus,  Tyoho,  and  Kepler, 
must  have  proceeded  fVom  such  a  cause,  for  it  is  impossible  otherwise  to 
explain  their  sudden  splendour."  His  nephew  then  asked  him,  **  Why, 
when  he  stated  in  his  writings  that  comets  would  fall  into  the  sun,  did  he 
not  also  state  those  vast  fires  they  must  produce,  as  he  supposed  Uiey  had 
done  in  the  stars  ?"  —  "  Because,"  replied  the  old  man,  <*  the  conflagrations 
of  the  sun  concern  us  a  little  more  directly.  I  have  said,  however,"  added 
he,  smiling,  **  enough  to  enable  the  world  to  eoUeot  my  opinion." 

4i* 
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it  will  not,  for  many  hundred  years  to  come,  prodace  the  slightest 
perceptible  effect  upon  the  motions  of  the  planets. 

8024.  Corrected  esUmaU  of  the  moM  of  Mercury,  —  The  masses 
of  comets  in  general  are,  as  will  be  explained,  iocomparably  smallei 
than  those  of  the  smallest  of  the  planets ;  so  much  so,  indeed,  as  to 
bear  no  appreciable  ratio  to  them.  A  consequence  of  ibis  is,  that 
while  the  effects  of  their  attraction  upon  the  planets  are  alto^ther 
insensible,  the  disturbing  effects  of  the  masses  of  the  planeta  upon 
them  are  very  considerable.  These  disturbances,  being  proportioDal 
to  the  disturbing  masses,  may  then  be  used  as  measures  of  the  latter, 
just  as  the  movement  of  the  pith-ball  in  the  balance  of  torsion  sup- 
plies a  measure  of  the  physical  forces  to  which  that  instrument  Is 
applied. 

£nck6's  comet  near  its  perihelion  passes  near  the  orbit  of  Mer- 
cury; and  when  that  planet  at  the  epoch  of  its  perihelion  happens 
to  be  near  the  same  point,  a  considerable  and  measurable  disturbance 
is  manifested  in  the  comet's  motion,  which  being  observed  supplies 
a  measure  of  the  planet's  mass. 

This  combination  of  the  motions  of  the  planet  and  comet  took 
place  under  very  favourable  circumstances,  on  the  occasion  of  the 
perihelion  passage  of  the  comet  in  1838,  the  result  of  which,  ac- 
cording to  the  calculations  of  Professor  Enck6,  was  the  discovery  of 
an  error  of  large  amount  in  the  previous  estimates  of  the  mass  of  the 
planet.  After  making  every  allowance  for  other  pknetary  attractions, 
and  for  the  effects  of  the  resisting  medium,  the  existence  of  which  it 
appears  necessary  to  admit,  it  was  inferred  that  the  mass  aassgned 
to  Mercury  by  I^place  was  too  great  in  the  proportion  of  12  to  7. 
H  This  question  is  still  under  examination,  and  every  succeeding 
perihelion  passa^  of  the  comet  will  increase  the  data  by  which  its 
more  exact  solution  may  be  accomplished. 

8026.  Bida's  comet  —  On  February  28th,  1826,  M.  Biela,  an 
Austrian  officer,  observed  in  Bohemia  a  comet,  which  was  seen  at 
Marseilles  at  about  the  same  time  by  M.  Gambart.  The  path 
which  it  pursued,  was  observed  to  be  similar  to  that  of  comets  which 
had  appeared  in  1772  and  1806.  Finally,  it  was  found  that  this 
body  moved  round  the  sun  in  an  oval  orbit,  and  that  the  time  of  its 
revolution  was  about  6  years  and  8  months.  It  has  since  returned 
at  its  predicted  times,  and  has  been  adopted  as  a  member  of  our 
system,  under  the  name  of  Biela's  comet. 

Biela's  comet  moves  in  an  orbit  whose  plane  is  inclined  at  a  small 
angle  to  those  of  the  planets.  It  is  but  slightly  oval,  the  length 
being  to  the  breadth  in  the  proportion  of  about  four  to  three.  When 
nearest  to  the  sun,  its  distance  is  a  little  less  than  that  of  the  earth ; 
and  when  most  remote  from  the  sun,  its  distance  somewhat  exceeds 
that  of  Jupiter.  Thus  it  ranges  through  the  solar  system,  between 
the  orbits  of  Jupiter  and  the  earth. 
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This  comet  btd  been  observed  in  1772  and  in  1806 ;  bnt  in  tbe 
elliptic  form  of  its  orbit,  and  consequently  its  periodicity,  was  not  dis- 
covered. Its  return  to  perihelion  was  predicted  and  observed  in  1832, 
in  1846,  and  in  1852 ;  bnt  that  which  took  place  in  1838  escaped 
observation,  owing  to  its  nnfavonrable  position  and  extreme  faintness. 

The  elements  of  the  orbit,  deduced  from  the  observations  made 
on  each  of  its  appearances  to  1846  inclusive,  are  given  in  Table  II. 
We  have  not  yet  obtained  calculations  of  its  elements  from  obser- 
vations made  in  1852.  It  was  first  seen  in  that  year  by  Professor 
Secchi  at  Rome,  on  September  16th,  and  continued  to  be  seen  for 
tbrne  weeks.  It  was  preceded  in  right  ascension  about  two  minutes 
of  time  by  a  still  Winter  comet,  whose  real  distance  from  it  must 
have  been  about  a  miUion  and  a  quarter  of  miles. 

TABLE  11. 
Elements  of  the  Orbit  of  Biela's  Comet  to  1846. 


I8C0 

IffCIB 

Dntuce, 
EartbV 

Ecen- 

tifcity. 

PerihalkMi 
Db!»ac«. 

AplMllOII 

reritadion. 

Lofucitad« 

A-c^inC 
Hoi*, 

laeKnalioa 

TlMorPen^ellM 

FlMf*. 

• 

• 

(l-*-«) 

» 

V 

c 

8«89 

s-seia 

S4»8 
S4I50 

0-8780 
0-7456 
0-7486 
»76I6 
0-7608 

Mils 
0-9068 
0-90i6 
0^88 
0-8597 

4-78 
6^ 
8-2S 
8-30 
8-18 

87  81     0 
100  38  8S 
100  45  60 
110    0  85 
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18  80  46 

TAB,  ^  "o 
Jan.  1.  88  82 
Mar.  I8L  10  8 
No*.  88w  1  41 
Feb.  II.       0     48 

3026.  Possibility  of  the  collision  of  Biela*s  comet  with  the  earth. 
—  One  of  the  points  at  which  the  orbit  of  Biela's  comet  intersects 
the  plane  of  the  ecliptic,  is  at  a  distance  from  the  earth's  orbit  less 
than  the  sum  of  the  semi-diameters  of  the  earth  and  the  comet.  It 
follows,  therefore  (2905),  that  if  the  comet  should  arrive  at  this 
point  at  the  same  moment  at  which  the  earth  passes  through  the 
point  of  its  orbit  which  is  nearest  to  it,  a  portion  of  the  globe  of  the 
earth  must  penetrate  the  comet. 

It  was  estimated  on  the  occasion  of  the  perihelion  passage  of  this 
comet  in  1832,  that  the  semi-diameter  of  the  comet  (that  body  being 
nearly  ^lobular,  and  having  no  perceptible  tail)  was  21,000  miles, 
while  the  distance  of  the  point  at  which  its  centre  passed  through 
the  plane  of  the  ecliptic,  on  the  29th  of  October  in  that  year,  from 
the  path  of  the  earth  was  only  18,600  miles.  If  the  centre  of  the 
earth  happened  to  have  been  at  the  point  of  its  orbit  nearest  to  the 
centre  of  the  comet  on  that  day,  the  distance  between  the  centres 
of  the  two  bodies  would  have  been  only  18,600  miles,  while  the 
semi-diameter  of  the  comet  was  21,000  miles ;  and  the  semi-diameter 
of  the  earth  being,  in  round  numbers,  4000  mileS;  it  would  follow 
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that  in  sncb  a  contingency  the  earth  would  have  plunged  into  the 
comet  to  the  depth  of 

21,000  4-  4000  —  18,600  =  6400  milen, 

a  depth  exceeding  three-fourths  of  the  earth's  diameter. 

The  possibility  of  such  a  catastrophe  having  been  mmonred, 
great  popular  alarm  was  excited  before  the  expected  return  of  the 
comet  in  1832.  It  was,  howerer,  shown  that  on  the  29th  Oc- 
tober the  earth  would  be  about  five  millions  of  miles  from  the  point 
of  danger,  and  that  on  the  arrival  of  the  earth  at  that  point  the 
comet  would  have  moved  to  a  still  greater  distance. 

8027.  Retduiion  of  Biela's  comet  into  ttoo,  —  One  of  the  most 
extraordinary  phenomena  of  which  the  history  of  astronomy  affords 
any  example,  attended  the  appearance  of  this  comet  in  1846.  It 
was  on  that  occasion  seen  to  resolve  itself  into  two  distinct  comets, 
which,  from  the  latter  end  of  December,  1845,  to  the  epoch  of  its 
disappearance  in  April,  1846,  moved  in  distinct  and  independent 
orbits.  The  paths  of  these  two  bodies  were  in  such  optical  juxta- 
position that  both  were  always  seen  together  in  the  field  of  view  of 
the  telescope,  and  the  greatest  visual  angle  between  their  centres 
did  not  amount  at  any  time  to  lO',  the  variation  of  that  angle 
arising  principally  from  the  change  of  direction  of  the  visual  line, 
relatively  to  the  line  joining  their  centres^  and  to  the  change  of  the 
comet's  distance  from  the  earth. 

M.  Plantamour,  director  of  the  Observatory  of  Oeneva,  calculated 
the  orbits  of  these  two  comets,  considered  as  independent  bodies ; 
and  found  that  the  real  distance  between  their  centres  was,  subject 
to  but  little  variation  while  visible,  about  thirty-nine  semi-diameters 
of  the  earth,  or  two-thirds  of  the  moon's  distance.  The  comets 
moved  on  thus  side  by  side,  without  manifesting  any  reciprocal  dis- 
turbing action ;  a  circumstance  no  way  surprising,  considering  the 
infinitely  minute  masses  of  such  bodies. 

3028.  Change*  of  appearance  attending  the  separation. — ^The 
original  comet  was  apparently  a  globular  mass  of  nebulous  matter, 
semi-transparent  at  its  very  centre,  no  appearance  of  a  tail  being 
discoverable.  After  the  separation,  both  comets  had  short  tails, 
parallel  in  their  direction,  and  at  right  angles  to  the  line  joining 
their  centres ;  both  had  nuclei.  From  the  day  of  their  separation 
the  original  comet  decreased,  and  the  companion  increased  in  bright- 
ness until  (on  the  10th  February)  they  were  sensibly  equal.  After 
this  the  companion  still  increased  in  brightness,  and  from  the  14th 
to  the  16th  was  not  only  greatly  superior  in  brightness  to  the 
original,  but  had  a  sharp  and  starlike  nucleus  compared  to  a 
diamond  spark.  The  change  of  brightness  was  now  reversed,  the 
original  comet  recovering  its  superiority,  and  acquiring  on  the  18th 
the  same  appearance  as  tho  companion  had  from  the  14th  to  the 
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I6th.  After  this  the  oompanion  gndnally  fiuled  away,  and  disap- 
peared previously  to  the  final  disappearance  of  the  original  comet  on 
22nd  April. 

It  was  obeenred  also  that  a  thin  luminoos  line  or  are  was  thrown 
across  the  space  which  separated  the  centres  of  the  two  naolci,  espe- 
cially when  one  or  the  other  had  attained  its  greatest  brightness, 
the  arc  appearing  to  emanate  from  that  which  for  the  moment  was 
the  brighter. 

After  the  disappearance  of  the  companion,  the  original  comet 
threw  out  three  faint  tails,  forming  angles  of  120^  with  each  other, 
one  of  which  was  directed  to  the  place  which  had  been  occupied  by 
the  companion. 

Jt  is  suspected  that  the  funt  comet  which  was  obseryed  by  Prof. 
Secchi  to  precede  Biela's  comet  in  1852,  may  have  been  the  com- 
panion thus  separated  from  it,  and  if  so,  the  separation  must  be 
permanent,  the  distance  between  the  parts  being  greater  than  that 
which  separates  the  earth  from  the  sun. 

3029.  Faye*9  comcf.— On  the  22nd  November,  1843,  M.  Faye, 
of  the  Paris  Observatory,  discovered  a  comet,  the  path  of  which 
Boon  appeared  to  be  incompatibre  with  the  parabolic  character.  Dr. 
Goldschmidt  showed  that  it  moved  in  an  ellipse  of  very  limited 
dimensions,  with  a  period  of  7}  years.  It  was  immediately  ob- 
served as  being  extraordinary,  Uiat,  notwithstanding  the  frequent 
returns  to  perihelion  which  such  a  period  would  infer,  its  previous 
appearances  had  not  been  recorded.  M.  Faye  replied  by  showinff 
that  the  aphelion  of  the  orbit  passed  very  near  to  the  path  of 
Jupiter,  and  that  it  was  possible  tiiat  the  violent  action  of  the  great 
mass  of  that  planet,  in  such  close  proximity  with  the  comparatively 
light  mass  of  the  comet,  might  have  thrown  the  latter  body  into  its 
present  orbit,  its  former  path  being  either  a  parabola  or  an  ellipse, 
with  such  elements  as  to  prevent  the  comet  from  coming  within 
visible  distance.  M.  Faye  supported  these  observations  by  reference 
to  a  more  andent  comet,  which  we  shall  presently  notice,  to  which 
a  like  incident  is  supposed  with  much  probability,  if  not  certainty^ 
to  have  occurred. 

8030.  Re-ajppearance  in  1850-1  calculated  hy  M.  Le  Verrter,-^ 
The  observations  which  had  been  made  in  1843,  at  several  observa- 
tories,  but  more  especially  those  made  by  M.  Struve  at  Pultowa, 
who  continued  to  ooserve  the  comet  long  after  it  ceased  to  be  ob* 
served  elsewhere,  supplied  to  M.  Le  Yerrier  the  data  necessary  for 
the  calculation  of  its  motion  in  the  interval  between  its  perihelion 
in  1843  and  its  expected  re-appearance  in  1850-1,  subject  to  the 
disturbing  action  of  the  planets,  and  predicted  its  succeeding  peri- 
helion for  the  3rd  of  April,  1851. 

Aided  by  the  formulse  of  M.  Le  Yerrier,  Lieutenant  Stratford 
calculated  a  provisional   ephemeris  in  1850|  by  which  observers 
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might  be  enabled  more  easily  to  detect  the  cornet^  which  was  the 
more  necessary  as  the  object  is  extremely  faint  and  small,  and  not 
capable  of  being  seen  except  by  means  of  the  most  perfect  tele- 
scopes. By  means  of  this  ephemeris,  Professor  Challis,  of  Gam- 
bridge,  found  the  comet  on  the  night  of  the  28th  November  very 
nearly  in  the  place  assigned  to  it  in  the  tables.  Two  observations 
only  were  then  made  upon  it,  which,  however,  were  sufficient  to 
enable  M.  Le  Yerrier  to  give  still  greater  precision  to  his  formulse, 
by  assigning  a  definite  numerical  value  to  a  small  quantity  which 
before  was  left  indeterminate.  Lieutenant  Stratford,  with  the  for- 
mula thus  corrected,  calculated  a  more  extensive  and  exact  epheme- 
ris,  extending  to  the  last  day  of  March,  and  published  it  in  January, 
1851,  in  the  Nautical  Almanack. 

The  comet,  though  extremely  faint  and  small,  and  c-onsequently 
difficult  of  observation,  continued  to  be  observed  by  Professor  Challis 
with  the  great  Northumberland  telescope  at  Cambridge,  and  by  M. 
Struve  at  Pultowa,  and  it  was  found  to  move  in  exact  accordance 
with  the  predictions. 

3031.  De  Vico*$  comet  — On  the  22nd  August,  1844,  M.  de 
Yico,  of  the  Boman  Observatory,  discovered  a  comet  whose  orbit 
was  soon  afterwards  proved  by  M.  Faye  to  be  an  ellipse  of  moderate 
eccentricity,  with  a  period  of  about  5^  years.  It  arrived  at  its 
perihelion  on  the  2nd  of  September,  and  continued  to  be  observed 
until  the  7th  of  December.  The  return  of  this  comet  to  perihelion 
was  predicted  for  March,  1851 ;  but,  owing  most  probably  to  its 
apparent  proximity  to  the  sun,  it  was  not  seen.  It  will  he  more 
&vourabIy  situate  on  its  next  return  in  1855.  Dr.  Brunnow  has 
computed  the  effects  of  the  planetary  perturbations  upon  it;  so  that 
an  ephcmeris  of  its  positions  in  the  heavens  for  that  year  will  be 
placed  in  the  hands  of  observers.  It  will  pass  through  its  perihelion 
on  the  6th  August,  1855. 

M.  Le  Yerrier  has  made  some  computations,  which  render  it 
somewhat  probable  that  a  comet  which  passed  its  perihelion  in 
August,  1678,  is  identical  with  that  discovered  by  De  Yico. 

3032.  Brorsen's  comet  — On  the  26th  of  February,  1846,  M. 
Brorsen,  of  Kiel,  discovered  a  faint  comet,  which  was  soon  'found 
to  move  in  an  elliptic  orbit,  with  a  period  of  about  5}  years.  Its 
position  in  the  heavens  not  being  favourable,  the  observations  upon 
it  were  few,  and  the  resulting  elements,  consequently,  not  ascer- 
tained with  all  the  precision  that  might  be  desired.  Its  re- appear- 
ance on  its  approach  to  the  succeeding  perihelion,  was  expected  firom 
September  to  November,  1851.  It  escaped  observation,  however, 
owing  to  its  unfavourable  position  in  relation  to  the  sun.  Its  next 
perihelion  passage  will  take  place  in  1857. 

3033.  ly Arrest's  comet.  — On  the  27th  of  June,  1851,  Dr. 
IK  Arrest,  of  the   Leipsic  Observatory,  discovered  a  faint   comet, 
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which  M.  Yillarceaux  proved  to  move  in  an  elliptie  orhit,  with 
a  period  of  about  6}  years.  The  next  perihelion  passage  of 
this  comet  will  take  place  in  the  end  of^  1857;  or  the  beginning  of 
1858. 

3034.  Elliptic  comet  o/ 1743.  —  A  revision  of  the  recorded 
observations  of  former  comets  by  the  more  active  and  intelligent 
zeal  of  modem  mathematicians  and  computers;  has  led  to  the  dis- 
covery of  the  great  probability  of  several  amqng  them  having 
revolved  in  elliptic  orbits,  with  periods  not  differing  considerably 
from  those  of  the  comets  above  mentioned.  The  fact  that  these 
comets  have  not  been  re-observed  on  their  successive  returns 
through  perihelion,  may  be  explained,  either  by  the  difficulty  of 
observing  them,  owing  to  their  unfavourable  positions,  and  the  cir- 
cumstance of  observers  not  expecting  their  re-appearance,  their 
periodic  character  not  being  then  suspected ;  or  because  they  may 
have  been  thrown  by  the  disturbing  action  of  the  larger  planets  into 
orbits  such  as  to  keep  them  continually  out  of  the  range  of  view  of 
terrestrial  observers. 

Among  those  maybe  mentioned  a  comet  which  appeared  in  1748| 
and  was  observed  bv  Zanetti  at  Bologna;  the  observations  indicate 
an  elliptic  orbit,  with  a  period  of  about  5^  years. 

8036.  MipHc  comet  o/ 1766.— This  comet,  which  was  observed 
by  Messier,  at  Paris,  and  by  La  Nnx,  at  the  Isle  of  Bourbon,  re- 
volved, according  to  the  calonlatioos  of  Borokhardt,  in  an  ellipse 
with  a  period  of  6  years. 

8086.  LeoceWt  comeL — The  history  of  astronomy  has  recorded 
one  singular  example  of  a  comet  which  appeared  in  the  system,  made 
two  revolutions  round  the  sun  in  an  elliptic  orbit,  and  then  disap* 
peared,  never  having  been  seen  either  before  or  since. 

This  comet  was  discovered  by  Messier,  in  June,  1770,  in  the 
constellation  of  Sagittarius  between  the  head  and  the  northern 
extremity  of  the  bow,  and  was  observed  during  that  month.  It 
disappeared  in  July,  being  lost  in  the  sun's  rays.  After  passing 
through  its  perihelion,  it  re-appeared  about  the  4th  of  August,  and 
continued  to  be  observed  untU  the  first  days  of  October^  when  it 
finally  disappeared. 

All  the  attempts  of  the  astronomers  of  that  day  fiiiled  to  deduce 
the  path  of  this  comet  from  the  observations,  until  six  years  later, 
in  1776,  Lexell  showed  that  the  observations  were  explained,  not, 
as  had  been  assumed  previously,  by  a  parabolic  paih,  but  by  an 
ellipse,  and  one,  moreover,  without  any  example  at  that  epoch, 
which  indicated  the  short  period  of  5}  years. 

It  was  immediately  objected  to  such  a  solution,  that  its  admission 
would  involve  the  consequence  that  the  comet,  with  a  period  so 
■hort^  and  a  magnitude  and  splendour  such  as  it  exhibited  in  1770, 
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miiBt  have  been  freqaenUy  seen  on  former  returns  to  perihelion; 
whereas  no  record  of  any  such  appearance  was  found. 

To  this  Lezell  replied,  by  showing  that  the  elements  of  its  orbity 
derived  from  the  observations  made  in  1770;  were  such,  that  at  its 
previous  aphelion,  in  1767,  the  comet  must  have  passed  within  a 
distance  of  the  planet  Jupiter  fifty-eight  times  less  than  its  distance 
from  the  sun ;  and  that  consequently  it  must  then  have  sustained 
an  attraction  from  the  great  mass  of  that  planet  more  than  three 
times  more  energetic  than  that  of  the  sun ;  that  consequently  it 
was  thrown  out  of  the  orbit  in  which  it  previously  moved  into  the 
elliptic  orbit  in  which  it  actually  moved  in  1770 ;  that  its  orbit  pre- 
viously to  1767  was,  according  to  all  probability,  a  parabola ;  and, 
in  fine,  that  consequently  moving  in  an  elliptic  orbit  from  1767  to 
1770,  and  having  the  periodicity  consequent  on  such  motion,  it 
nevertheless  moved  only  for  the  first  time  in  its  new  orbit,  and  had 
never  come  within  the  sphere  of  the  sun's  attraction  before  this 
epoch. 

Lezell  further  stated,  that  since  the  comet  passed  through  its 
aphelion,  which  nearly  intersected  Jupiter's  orbit,  at  intervals  of 
6|  years,  and  it  encountered  the  planet  near  that  point  in  1767,  the 
period  of  the  planet  being  somewhat  above  11  years,  the  planet 
after  a  single  revolution  and  the  comet  after  two  revolutioos  must 
necessarily  again  encounter  each  other  in  1779 ;  and,  that  since  the 
orbit  was  such  that  the  comet  must  in  1779  pass  at  a  distance  from 
Jupiter  500  times  less  than  its  distance  from  the  sun,  it  must  suffer 
from  that  planet  an  action  250  times  ffreater  than  the  snn's  attrac- 
tion, and  that  therefore  it  would  in  all  proluibility  be  again  thrown 
into  a  parabolic  or  hyperbolic  path ;  and,  if  so,  that  it  would  depart 
for  ever  from  our  system  to  visit  other  spheres  of  attraction.  Lezell, 
therefore,  anticipated  the  final  disappearance  of  the  comet^  which 
actually  took  place. 

In  the  interval  between  1770  and  1779,  the  comet  returned  once 
to  perihelion ;  but  its  position  was  such  that  it  was  above  the  horiaon 
only  during  the  day,  and  could  not  in  the  actual  state  of  science  be 
observed. 

3037.  Analysis  of  Laplace  applied  to  LexeWs  comet.  —  At  this 
epoch  analytical  science  had  not  yet  supplied  a  definite  solution  of 
the  problem  of  cometary  disturbances.  At  a  later  period  the  ques- 
tion was  resumed  by  Laplace,  who,  in  his  celebrated  work,  the 
Micanique  Cileste^  gave  the  general  solution  of  the  following  prob- 
lem :  * 

'<  The  actual  orbit  of  a  comet  being  given,  what  was  its  orbit  be- 
fore, and  what  will  be  its  orbit  after  being  submitted  to  any  given 
disturbing  action  of  a  planet  near  which  it  passes  1 " 

3038.  Its  orbit  be/ore  1767  and  after  1770  calculated  by  his/or^ 
midrn.  —  A^pplyiug  this  to  the  particular  case  of  Lezell's  cornet^  and 
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aaBumiDg  as  data  the  observatioDs  reoorded  in  1770,  Laplaoe  sbowed 
thai  before  BOstaiDiDg  the  distnrbiDg  action  of  Jupiter  in  1767^  the 
eomet  mnst  have  moved  in  an  ellipse^  of  which  the  8emi*axu  major 
was  18-293,  and  oonaeqnenily  that  its  period,  instead  oi  being  5| 
yeani  most  have  been  48^  years;  and  that  the  eooentridty  oi  the 
orbit  was  such,  that  its  perihelion  distance  would  be  but  little  less 
than  the  mean  distance  of  Jupiter,  and  that  consequently  it  could 
never  have  been  visible.  It  followed  also,  that,  after  suffering  the 
disturbiag  aetion  of  Ji^^iter  in  1779,  the  comet  passed  into  an 
elliptic  orbit,  whose  semi-«xis  major  was  7*8 ;  that  its  period  was 
ocmsequently  20  yean;  and  that  its  eccentricity  was  such,  that  its 
perihelion  distance  was  more  than  twice  the  distance  of  Mars,  and 
that  in  such  an  orbit  it  could  not  become  visible. 

8089.  jRevuion  of  these  retearches  hy  M,  Le  Verrter.  — This  in- 
vestigation has  recently  been  revised  by  M.  Le  Yerrier,*  who  has 
shown  that  the  observations  of  1770  were  not  sufficiently  definite 
and  accurate  to  justify  conclusions  so  absolute.  He  has  shown 
that  the  orbit  of  1770  is  subject  to  an  uncertainty,  comprised  be- 
tween certain  definite  limits;  Uiat  tracinff  the  consequences  of  this 
to  the  positions  of  the  eomet  in  1767  and  1779,  these  positions  aiB 
subject  to  still  wider  limits  of  uncertainty.  Thus  he  shows  that. 
compatibly  with  the  observations  of  1770,  the  comet  might  in  1779 
pass  either  considerably  outside,  or  considerably  inside  Jupiter's 
mrbit,  or  migh^  as  it  was  supposed  to  have  done,  have  passed  actually 
within  the  orbits  of  his  satellites.  He  deduces  in  fine  the  following 
general  conclusions :  — 

1.  That  if  the  comet  had  passed  within  the  orbits  of  the  satellites, 
It  mnst  have  &llen  down  upon  the  planet  and  coalesced  with  it ;  an 
incident  which  he  thinks  improbable,  though  not  absolutely  im- 
possible. 

2.  The  action  of  Jupiter  may  have  thrown  the  comet  into  a 
parabolic  or  hyperbolic  orbit,  in  which  case  it  must  have  departed 
from  our  system  altogether,  never  to  return,  except  by  the  coose- 
qnence  of  some  disturMiDce  produced  in  another  sphere  of  attraction. 

3.  It  may  have  been  thrown  into  an  elliptic  orbit,  having  a  great 
axis  and  long  period,  and  so  placed  and  formed  that  the  comet  could 
never  become  visible ;  a  supposition  within  which  comes  the  solu- 
tion of  Laplace. 

4.  It  may  have  had  merely  its  elliptb  elements  more  or  lew 
modified  by  the  action  of  the  planet,  without  losing  its  character  of 
short  periodicity ;  a  result  which  M.  le  Yerrier  thinks  the  most  pro> 
bable,  and  wluch  would  render  it  possible  that  this  comet  may  still 
be  identified  with  some  one  of  the  many  eomets  of  short  period, 

*  See  Mem.  Acad,  des  Sdenoei,  1847, 184& 
m.  42 
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which  the  activity  and  sagadty  of  obseryers  are  every  year  die- 
oovering. 

To  facilitate  sach  researches,  M.  Le  Verrier  has  given  a  table, 
incladiog  all  the  possible  systems  of  elliptic  elements  of  short  period 
which  the  comet  would  have  assamed,  subject  to  the  disturbiDg 
action  of  Jupiter  in  1779,  and  taking  the  observations  of  1770  within 
their  possible  limits  of  error. 

He  further  demonstrates,  that  the  orbit  in  which  the  comet  moTed 
antecedently  to  the  disturbing  action  of  Jupiter  upon  it  in  1767, 
not  only  could  not  have  been  a  parabola  or  hyperbola,  bat  most 
have  been  an  ellipse,  whose  major  axis  was  considerably  less  than 
that  which  Laplace  deduced  from  the  insufficient  observations  of 
Messier.  He  shows  that,  before  that  epoch,  the  perihelion  distance 
of  the  comet  could  not,  under  any  possible  supposition,  have  ex- 
ceeded three  times  the  earth's  mean  distance,  and  most  probably 
was  included  between  1}  and  2  times  that  distance;  and  that  the 
8emi-4Lxis  major  of  the  orbit  could  not  have  exceeded  4^  times  the 
earth's  mean  distance,  a  magnitude  3  times  less  than  that  assigned 
to  it  by  the  calculations  of  Laplace. 

3040.  Frocess  by  which  the  idenitficatum  o/penodic  comets  may 
he  decided.  —  It  must  not,  however,  be  supposed  that  it  is  sufficient 
to  compare  the  actual  elements  of  each  periodic  comet  thus  dis- 
covered, with  the  elements  given  in  the  table  of  M.  Le  Yerrier,  and 
to  infer  the  absence  of  identity  from  their  diMordance.  Such  an 
inference  would  only  be  rendered  valid  by  showing  that,  in  past 
ages,  the  comet  in  question  had  suffered  no  serious  disturbing  action 
by  which  the  elements  of  its  orbit  could  be  considerably  changed. 
To  decide  the  question  a  much  more  laborious  and  difficult  process 
must  be  encountered;  a  process  from  which  the  untiring  spirit  of 
M.  Le  Verrier  has  not  shrunk.  It  is  necessary,  in  fine,  to  the  satis- 
factory and  conclusive  solution  of  such  a  problem^  that  the  periodic 
comet  in  question  should  be  traced  back  through  all  its  previous 
revolutions  up  to  1779,  that  all  the  disturbances  which  it  suffered 
from  the  planets  which  it  encountered  in  that  interval  be  calculated 
and  ascertained,  and  that  by  such  means  the  orbit  which  it  must 
have  had  previous  to  such  dbturbances,  in  1779,  be  determined. 
8uch  orbit  would  then  be  compared  with  the  table  of  possible  orbits 
of  LexelFs  comet,  as  given  by  M.  le  Verrier ;  and  if  it  were  found 
to  be  identical  with  any  of  them,  the  identity  of  the  comet  in 
question  with  that  of  Lexell,  would  be  inferred  with  the  highebt 
degree  of  probability ;  but  if,  on  the  other  hand,  such  discrepancies 
were  found  to  prevail  as  must  exceed  all  supposable  errors  of  obser- 
vation or  calculation,  the  diversity  of  the  comets  would  follow. 

3041.  Application  of  (his  procefs  by  M.  Le  Verrier  to  the  comeH 
of  Faycy  De  Vico,  and  Brorsen^  and  that  of  LexelL  —  Their  di- 
versity proved.  —  M.  Lc  Verrier  has  applied  these  principles  to  the 
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eomets  of  Faje^  De  Vice,  and  Brorscn ;  tracing  back  their  histories 
daring  their  unseen  motions  for  three-quarters  of  a  century^  and 
ascertaining  the  effects  of  the  disturbing  actions  which  they  must 
severally  have  sustained  from  revolution  to  revolution,  until  he 
brought  them  to  the  epoch  of  1779.  On  comparing  the  orbits  thus 
determined  with  those  of  the  table  of  possible  orbits  of  Lezell's 
comety  he  has  shown  that  none  of  them  can  be  identical  with  it,  how- 
ever strongly  some  of  the  elements  of  their  present  orbits  may  raise 
Buch  a  presumption. 

8042.  Probable  identify  of  De  Vico's  comet  with  the  comet  of 
1678.  — The  comet  of  De  Vico  having  presented  striking  analogies 
with  a  comet  which  was  observed  by  Tycho  Brahe  and  Ilothmann 
in  1585,  and  one  observed  by  La  Hire  in  1678,  M,  Le  Verrier  has 
applied  like  principles  to  the  investigation  of  these  questions. 

MM.  Laugier  and  Mauvais  observed  that  the  elements  of  De 
Yico's  comet  presented  such  a  resemblance  to  that  of  Tycho  Brahe, 
as  almost  to  decide  the  question  of  their  identity.  M.  Le  Verrier, 
tracing  back  the  comet  of  De  Vico  to  1585,  has  shown  that  its 
orbit  at  that  epoch  was  so  different  from  that  of  the  comet  of 
Tycho,  as  to  be  incompatible  with  any  plausible  inference  of  their 
identity.* 

He  has  shown,  however,  by  like  reasoning,  that  there  is  a  high 
degree  of  probability  that  the  comet  of  De  Vico  is  identical  with 
that  observed  by  La  Hire  in  1678. 

8043.  Blainp1an*8  comet  o/"  1819.  —  M.  Blainpan  discovered  a 
comet  at  Marseilles  on  28th  November,  1819,  which  was  observed 
at  Milan  until  25th  January,  1820.  The  observations  reduced  and 
calculated  by  Prof.  Enck6  gave  an  elliptic  orbit  with  a  period  a  little 
short  of  5  years.  Clausen  conjectures  that  this  comet  may  be  iden- 
tical with  that  of  1743.     It  has  not  been  seen  since  1820. 

8044.  Pom*s  comet  of  1819.  —  A  comet  was  discovered  by 
M.  Pons  on  June  12th,  1819,  which  was  observed  until  July  19th. 
Prof.  Enck6  assigned  to  it  an  elliptic  orbit,  with  a  period  of  5} 
years. 

3045.  Pxgotiz  comet  of  1783. — A  comet,  discovered  by  Mr. 
Pigott  at  New  York  in  1783,  was  shown  by  Burckhardt  to  have  an 
elliptic  orbit,  with  a  period  of  5}  years. 

3046.— Pcter«'«  comet  of  1846.  — On  the  26th  June,  1846,  a 
comet  was  discovered  at  Naples  by  M.  Peters,  which  was  subse- 
quently observed  at  Borne  by  De  Vico,  and  continued  to  be  seen 
until  2l8t  July.  An  elliptic  orbit  is  assigned  to  this  comet,  with  a 
period  of  from  13  to  16  years,  some  uncertainty  attending  the  obser- 
vations. The  re-appearance  of  this  comet  may  be  expected  in  1859, 
18«0. 

*  M6m.  Acad,  des  Sciences,  1847. 
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8047.  Tdb^Oar  tynopm  o/Ae  oriftU  o/the  cameU  wAtdb  i 
within  SatuTfCs  orbit — In  Table  III.  we  hate  given  the  elementa 
of  the  thirteen  oomets  above  mentioned. 


TABLE  in. 

BTiioptfis  of  the  Motion  of  the  EUiptlD  OomeU  whioh  rerolTe  witUa  the 
Ort>it  of  Satnra. 
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8048.  Diagram  of  the  orbits.— In  fig,  817,  the  orbits  of  theae 
thirteen  comets,  brought  to  a  common  plane,  are  represented  ronghlj 
but  in  their  proper  proportions  and  relative  positions,  so  aa  io  ex- 
hibit to  the  eye  their  several  ellipticities,  and  the  reladve  direetkHis 
of  their  axes.*  All  these  bodies,  without  one  exception,  revolVe  io 
the  common  direction  of  the  planets. 

8049.  Planetxjry  character  of  their  orbits, — It  is  not  alone,  how- 
ever, in  the  direction  of  their  motions  that  the  orbits  of  these  bodies 

*  Id  the  diagram,  to  preveot  confiision,  the  orbits  of  the  different  oomets 
are  indioated  by  dotted  or  broken  liDes  of  different  kinds. 
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liaiTB  ill  fBidog5rt6tli<SBe  of  ^e  plmi^ts.    Their  ineliiiafiiMiBy  wUi 

one  exception,  are  within  the  limits  of  those  of  the  planets.  Their 
ecoentrioitiesy  though  incomparably  greater  than  those  of  the  planets, 
are,  as  will  presently  appear,  incomparably  less  than  those  of  all 
other  comets  yet  discovered.  Their  mean  distances  and  periods 
Arith  the  exception  of  the  last  two  in  the  table,)  are  within  the 
limits  of  those  of  the  planetoids. 

8050.  Pla/netary  character  of  their  orhiU, — ^The  eompariMn  of 
the  numbers  riven  in  Table  III.  with  those  which  will  be  given 
hereafter,  in  the  tables  of  the  elements  of  other  elliptio  oomets,  and 
the  comparison  of  the  diagrams  of  their  orbits  with  those  of  othen, 
will  show  in  a  striking  manner,  to  how  great  an  extent  the  orbits 
of  this  group  of  comets  possess  the  planetary  character.  Besides 
moving  round  the  sun  in  the  common  direction,  their  indinations, 
with  a  single  exception,  are  within  the  limits  of  those  of  the  plaaelB. 
It  is  true  that  their  eccentricities  have  an  order  of  magnitude  much 
greater;  but  on  the  other  hand,  it  will  be  seen  presently  that  they 
are  incomparably  less  than  the  eccentricities  of  all  other  periodic 
comets  yet  discovered.  Their  mean  distances  and  periods  place 
them  in  direct  analogy  with  the  planetoids. 

Moderate  as  are  the  eccentricities  as  compared  widi  those  of 
other  comets,  they  are  sufficiently  great  to  impart  a  decided  oval 
form  to  the  orbits,  and  to  produce  considerable  differences  between 
the  perihelion  and  aphelion  distances,  as  will  be  apparent  by  in- 
spectinff  the  numbers  in  the  columns  d^  and  <f '.  It  appears  liy 
these,  Siat  while  the  perihelion  of  £nck6's  comet  lies  within  the 
orbit  of  Mercury,  its  aphelion  lies  outside  the  orbit  of  the  most 
remote  of  the  planetoids,  and  not  far  within  that  of  Jupiter.  The 
perihelion  of  Biela's  comet,  in  like  manner,  lies  between  the  orbits 
of  the  earth  and  Venus,  while  its  aphelion  lies  outside  that  of 
Jupiter.  In  the  case  of  Faye's  comet,  the  least  eccentric  of  the 
group,  the  perihelion  lies  near  the  orbit  of  Mars,  and  the  aj^elion 
outside  that  of  Jupiter. 

It  must  be  remembered  that  the  elliptic  form  of  these  orbits  has 
only  been  verified  by  observations  on  the  successive  returns  to  peri- 
helion of  the  first  five  comets  in  the  table.  The  elliptio  elements 
of  the  others  may,  so  fiur  as  is  at  present  known,  have  been  effused 
by  disturbing  causes. 

The  angular  motions  at  the  mean  and  extreme  distances  from  the 
sun,  given  in  the  columns  o,  a'  and  a"  have  been  computed,  on  the 
principles  abeady  explained,  by  the  formulsB 

1,296,000  ,  a»  „  a« 

•=865:25^       •=*^^-'       •=*><5^.' 

The  same  numbers  which  express  these  angular  motions,  abo 
express  in  all  cases  the  intensities  of  solar  light  and  heat  in  the 
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serend  poeitions  of  the  eomet;  aod  also  the  apparent  motion  of 
the  sun^  as  seen  from  the  comet ;  and  a  comparison  of  these  with 
the  corresponding  numbers  related  to  any  of  the  planets,  will 
illustrate  in  a  striking  manner  how  different  are  the  physical  condi- 
tions by  which  these  two  classes  of  bodies  are  affected ;  and  this  will 
be  more  and  more  strikingi  when  the  other  groups  of  comets  haye 
been  noticed. 

Taking  the  comet  of  Encke  as  an  example,  it  appears  that  while 
its  mean  daily  motion  is  1076"  or  18',  its  motion  in  aphelion  is  only 
5',  and  in  perihelion  nearly  13^.  Its  motion  in  perihelion,  the 
light  and  heat  it  receives  from  the  sun,  and  the  apparent  motion  of 
the  sun  as  seen  from  it,  are  therefore  severally  more  than  150  times 
greater  in  perihelion  than  in  aphelion. 

in.  Elliptio  Comets,  whose  mean  distances  abe  nearly 

EQUAL  TO  THAT  OE  U&ANUS. 

8051.  Comets  of  long  periods  first  recognised  as  periodic. — It 
might  be  expected,  that  comets  moving  in  elliptic  orbits  of  small 
dimensions,  and  consequently  having  short  periods,  would  have 
been  the  first  in  which  the  character  of  periodicity  would  be  dis- 
covered. The  comparative  frequency  of  their  returns  to  those  posi- 
tions near  perihelion,  where  done  bodies  of  this  class  are  visible 
from  the  earth,  and  the  consequent  possibility  of  verifying  the  fact 
of  periodicity,  by  ascertaining  the  equality  of  the  intervals  between 
their  successive  returns  to  the  same  heliocentric  position,  to  say 
nothing  of  the  more  distinctly  elliptio  form  of  the  arcs  of  their 
orbits  in  which  they  can  be  immediately  observed,  would  afford 
strong  ground  for  such  an  expectation ;  nevertheless  in  this  case,  as 
has  happened  in  so  many  others  in  the  progress  of  physical  know- 
ledge, the  actual  results  of  observation  and  research  have  been  di- 
rectly contrary  to  such  an  anticipation ;  the  most  remarkable  case 
of  a  comet  of  large  orbit,  long  period,  and  rare  returns,  being  the 
first,  and  those  of  small  orbits,  short  periods,  and  frequent  returns^ 
the  last  whose  periodicity  has  been  discovered. 

3052.  Newton's  conjectures  as  to  the  existence  of  comets  of  long  ' 
periods. — ^It  is  evident  that  the  idea  of  the  possible  existence  of 
oomets  with  periods  shorter  than  those  of  the  more  remote  planets, 
and  orbits  circumscribed  within  the  limits  of  the  solar  system,  never 
oocnrred  to  the  mind  either  of  Newton  or  any  of  his  contemporaries 
or  immediate  successors. 

In  the  third  book  of  his  frinoipia,  he  calls  comets  a  species  of 
planets,  revolving  in  elliptio  orbits  of  a  very  oval  form.  But  he 
continues,  ^'I  leave  to  be  determined  by  others  the  transverse 
diameters  and  periods,  by  comparing  comets  which  return  after  long 
viUervah  ofHtne  to  the  same  orbits.'' 
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It  18  interesting  to  observe  the  avidity  with  which  minds  of  t 
certain  order  snatch  at  snch  generalisations,  even  when  but  slen- 
derly founded  upon  facts.  These  conjectures  of  Newton  were  sooa 
after  adopted  by  Voltaire :  "  II  y  a  quelque  apparence/'  says  he, 
in  an  essay  on  comets,  <'  qu'on  connaitra  an  jour  an  certain  nomhre 
de  ces  autres  plandtes  qui  sons  le  nom  de  com§tes  toament  comoie 
nous  autour  da  soleil;  mais  il  ne  faut  pas  esp^rer  qu'on  lea  connais- 
sent  toutes/' 

And  again,  elsewhere^  on  the  same  subject : — 

**  Comdtes,  que  Ton  craint  II  Ttfgal  da  tonnerre, 
Cessez  d'^ponvanter  les  peoples  de  la  terre ; 
Dans  une  ellipse  immense  achevez  votre  coors, 
Remontei,  descendez  pr^s  de  I'astre  des  jours." 

3053.  Salley't  researches. — Extraordinary  as  these  conjectures 
must  have  appeared  at  the  time,  they  were  soon  strictly  realised. 
Halley  undertook  the  labour  of  examining  the  circumstances  at- 
tending all  the  comets  previously  recorded,  with  a  view  to  diaoover 
whether  any,  and  which  of  them,  appeared  to  follow  the  same  path. 
He  found  that  a  comet  which  had  been  observed  by  himself,  by 
Newton,  and  their  contemporaries  in  1682,  followed  a  path  while 
visible,  which  coincided  so  nearly  with  those  of  comets  which  had 
been  observed  in  1607;  and  in  1531,  as  to  render  it  extremely  pro- 
bable that  these  objects  were  the  same  identical  comet,  revolving  in 
an  elliptic  orbit  of  such  dimensions,  as  to  cause  its  return  to  perihe- 
lion at  intervals  of  75-76  years. 

The  comet  of  1682  had  been  well  observed  by  La  Hire,  Picard, 
Hevelius,  and  Flamstead,  whose  observations  supplied  all  the  data 
necessary  to  calculate  its  path  while  visible.  That  of  1607  had 
been  observed  by  Kepler  and  Longomontanus ;  and  that  of  1531, 
by  Pierre  Apian  at  Ingolstadt,  the  observations  in  both  cases  being 
sufficient  for  the  determination  of  the  path  of  the  body,  with  all  the 
accuracy  necessary  for  its  identification. 

3054.  Halley  predicts  its  reappearance  in  1758-9.  —  Of  the 
identity  of  the  paths  while  visible  on  .each  of  these  appearances 
Halley  entertained  no  doubt ;  and  announced  to  the  world  the  dis- 
covery of  the  elliptic  motion  of  comets,  as  the  result  of  combined 
observation  and  calculation,  and  entitled  to  as  much  confidence  as 
any  other  consequence  of  an  established  physical  law;  and  pre- 
dicted the  re-appearance  of  this  body,  on  its  succeeding  retarn  to 
perihelion  in  1758-9.  He  observed,  however,  that  as  in  the  in- 
terval between  1607  and  1682  the  comet  passed  near  Jupiter,  its 
velocity  must  have  been  augmented,  and  consequently  its  period 
shortened  by  the  action  of  that  planet.  This  period,  therefore, 
having  been  only  seventy-five  years,  he  inferred  that  the  following 
period  would  probably  be  seventy-six  years  or  upwards;  and  conse- 
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qnently  that  ihe  comet  ought  not  to  be  expected  to  appear  antil  ih« 
end  of  1758^  or  the  beginning  of  1759.  It  is  impossible  to  imagine 
any  quality  of  mind  more  enviable  than  that  which,  in  the  existing 
Rtate  of  mathematical  physics,  could  have  led  to  such  a  prediction. 
The  imperfect  state  of  science  rendered  it  impossible  for  Halley  to 
offer  to  the  world  a  demonstration  of  the  event  which  he  foretold. 
**  He  therefore/'  says  M.  de  Ponteconlant,  ^'  could  only  announce 
tbede  felicitous  conceptions  of  a  sagacious  mind  as  mere  intuitive 
perceptions,  which  must  be  reoeived  as  uncertain  by  the  world,  how- 
ever he  might  have  felt  them  himself,  until  they  could  be  verified 
by  the  process  of  a  rieorous  analysis.'' 

Subaequent  researobes  gave  increased  force  to  Halley's  prediction ; 
for  it  appeared  from  the  ancient  records  of  observers,  that  comets 
had  been  seen  in  1456^  and  1378^  whose  elements  were  identical 
with  those  of  the  comet  of  1682. 

8054.  Chreat  advance  of  matkematical  and  physical  teiencei 
between  1682  and  1759.  —  In  the  interval  of  three-quarters  of  a 
oentory  which  elapsed  between  the  announcement  of  Halley's  pre- 
diolaoD  and  the  date  of  its  expected  fulfilment,  great  advances  were 
made  in  mathematical  science ;  new  and  improved  methods  of  in- 
Testigation  and  calculation  were  invented ;  and,  in  fine,  the  theory 
of  gravitation  was  pursued  with  extraordinary  activity  and  sucoe9B 
fbrough  its  consequences  in  the  mutual  disturbances  produced  upon 
the  motions  of  the  planets  and  satellites^  by  the  attraction  of  their 

*  The  appearance  of  this  eomet  in  1456,  was  described  hj  contemporary 
satboritiea  to  have  been  an  objeet  of  '*  nnheard-of  magnitude ;"  it  was  ac- 
companied by  a  tail  of  eztraordinaiy  length,  which  extended  over  siztj 
degrees  (a  third  of  the  heaTcns),  and  oontinned  to  be  seen  during  the  whole 
of  the  month  of  June.  The  influence  which  was  attributed  to  this  appear- 
ance, renders  it  probable  that  in  the  record  there  exists  more  or  less  of 
exaggeration.  It  was  considered  as  the  celestial  indication  of  the  rapid 
soccess  of  Mohammed  II.,  who  had  taken  Constantinople,  and  struclc  terror 
into  the  whole  Christian  world.  PopeCalixtus  II.  levelled  the  thunders  of 
tiie  Church  against  the  enemies  of  his  faith,  terrestrial  and  celestial,  and 
in  the  same  bull  exorcised  the  Turks  and  the  comet ;  and  in  order  that  the 
memory  of  this  manifestation  of  his  power  should  be  for  ever  preserved,  he 
ordained  that  the  bells  of  all  the  churches  should  be  rung  at  midday — a 
eofltom  which  is  preserved  in  those  countries  to  our  times.  It  must  be 
admitted  that,  notwithstanding  the  terrors  of  the  Church,  the  comet  pur- 
sued its  course  with  as  much  ease  and  security  as  those  with  which  Mo- 
hammed converted  the  church  of  St  Sophia  into  his  principal  mosque. 

The  extraordinary  length  and  brilliancy  which  was  ascribed  to  the  tail 
upon  this  occasion,  have  led  astronomers  to  investigate  the  circumstances 
under  which  its  brightness  and  magnitude  would  be  the  greatest  possible ; 
and,  upon  tracing  baok  the  motion  of  the  comet  to  the  year  1456,  it  has 
been  found  that  it  was  then  actually  under  the  circumstances  of  position 
with  respeet  to  the  earth  and  sun  most  favourable  to  magnitude  and  splen- 
dour. So  far,  therefore,  the  results  of  astronomical  calculation  corroborate 
the  records  of  history. 
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masses  one  upon  another.  As  tbe  epocli  of  the  expected  retara  of 
the  comet  to  its  perihelion  approached,  therefore,  the  scientific  world 
resolved  to  divest,  as  far  as  possible,  the  prediction,  of  that  vagaencES 
which  necessarily  attended  it^  owing  to  the  imperfect  state  of  science 
at  the  time  it  was  made,  and  to  calculate  the  exact  effects  of  those 
planets  whose  masses  were  sufficiently  great  in  accelerating  or 
retarding  its  motion  while  passing  them. 

3056.  Exact  path  of  the  comet  on  ita  return  and  time  of  itt 
perihelion  calculated  and  predicted  by  CUiiraut  and  Lalande, — 
This  inquiry,  which  presented  great  mathematical  difficultiesy  and 
involved  enormous  arithmetical  labour,  was  undertaken  by  Glairaut 
and  Lalande :  the  former,  a  mathematician  and  natural  philoBopher, 
who  had  already  applied  with  great  success  the  principles  of  gravi- 
tation to  the  motions  of  the  moon,  undertook  the  purely  analytical 
part  of  the  investigation,  which  consisted  in  establishing  certain 
cenend  algebraical  formuUe,  by  which  the  disturbing  actions  exerted 
by  the  planets  on  the  comet  were  expressed ;  and  Lalande,  an  emi- 
nent practical  astronomer,  undertook  the  labour  of  the  arithmetical 
oomputations,  in  which  he  was  assisted  by  a  lady,  Madame  Lepaute, 
whooe  name  has  thus  become  celebrated  in  the  annals  of  science. 

These  elaborate  calculations  being  completed^  Clairaut  presented 
the  result  of  their  joint  labours,  in  a  memoir,  to  the  Academy  of 
Sciences  of  Paris,*  in  which  he  predicted  the  next  arrival  of  the 
comet  at  perihelion,  on  the  18th  April,  1759 ;  a  date,  however, 
which,  before  the  re-appearance  of  the  comet,  he  found  reason  to 
change  to  the  11th  of  April,  and  assigned  the  path  which   the 

*  When  it  U  considered  that  tbe  period  of  Halley's  comet  is  aboat  seren- 
ty-fiye  years,  and  that  every  portion  of  its  coarse  for  two  soccessiTe  periods 
was  necessary  to  be  calculated  separately  in  this  way,  some  notion  m&j 
be  formed  of  the  labour  encountered  by  Lalande  and  Madame  Lepaate. 
•*  During  six  months,'^  says  Lalande,  **  we  calculated  from  morning  to 
night,  sometimes  even  at  meals;  the  consequence  of  which  was,  that  I 
contracted  an  illness  which  changed  my  constitution  for  tbe  remainder  of 
my  life.  Tbe  assistance  rendered  by  Madame  Lepaute  was  such,  that 
without  her  we  never  could  have  dared  to  undertake  this  enormous  labour, 
in  which  it  was  necessary  to  calculate  the  distance  of  each  of  tbe  two 
planets,  Jupiter  and  Saturn,  from  the  comet,  and  their  attraction  upon 
that  body,  separately,  for  every  successive  degree,  and  for  150  years." 

The  name  of  Madame  Lepaute  does  not  appear  in  Clairaut's  memoir;  a 
suppression  which  Lalande  attributes  to  the  influence  exercised  by  another 
lady  to  whom  Clairaut  was  attached.  Lalande,  however,  quotes  letters  of 
Clairaut,  in  which  he  speaks  in  terms  of  high  admiration  of  "  la  savants 
calculatrioe.'*  The  labours  of  this  lady  in  the  work  of  calculation  (for  she 
also  assisted  Lalande  in  constructing  bis  Ephemerida)  at  length  so  weak- 
ened her  sight,  that  she  was  compelled  to  desist.  She  died  in  1788,  whil« 
attending  on  her  husband,  who  bad  become  insane.  See  the  articles  os 
comets,  by  Professor  de  Morgan,  in  the  Companion  to  the  BritUk  Abmam 
for  the  year  1888. 
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oomei  woald  follow  while  visible^  as  determined  by  the  following 
data:  — 

Tnffliwatloiu        Long,  of  node.       long,  ofpeiib.  Fttrihel.  dlst       Direction. 

17°  37'  63°  60'        803°  10'  0-58       retrograde. 

8057.  RemarJedble  anttcipation  of  the  discovery  of  Uranus.  — 
In  annoanciog  his  prediction  Clairant  stated,  that  the  time  assigned 
for  the  approaching  perihelion  might  vary  from  the  actual  time  to 
the  extent  of  a  month ;  for  that  independently  of  any  error  either 
in  the  methods  or  process  of  calculation,  the  event  might  deviate 
more  or  less  from  its  predicted  occurrence,  by  reason  of  the  attrac- 
tion of  an  undiscovered  planet  o/  our  system  revolving  beyond  the 
orbit  of  Saturn.  In  twenty-two  years  after  this  time,  this  conjec- 
ture was  realised  by  the  discovery  of  the  planet  Uranus,  by  the  late 
Sir  William  Herschell,  revolving  round  the  sun  one  thousand  mil« 
lions  of  miles  beyond  the  orbit  of  Saturn ! 

8058.  Prediction  of  HaUey  and  Clairaut  fiUfiHed  by  re-appear^ 
ance  of  the  comet  in  1758-9.  —  The  oomet,  in  fine,  appeured  in 
Pecember  1758,  and  followed  the  path  predicted  by  Chiiraut,  which 
differed  but  little  from  that  which  it  had  pursued  on  former  appear- 
ances, as  will  be  seen  by  a  comparison  of  the  elements  as  given 
above  with  those  since  ascertained.  It  passed  through  perihelion 
on  the  13th  March,  within  22  days  of  the  time^  and  within  the 
limit  of  the  possible  errors  assigned  by  Clairaut. 

8069.  Disturbing  action  of  a  planet  on  a  comet  explained.  -— 
The  general  effects  of  a  planet  in  accelerating  or  retarding  the  mo- 
tion <^  a  comet  are  easily  explained,  although  the  exact  details  of  the 
distorbances  are  too  eompUcated  to  admit  of  any  exposition  here. 

Let  ifffig^  818,  represent  the  place  of  the  disturbing  planet,  and 
o  that  of  tiie  comet     The  attraction  of  the  planet  on  the  oomet 
will  then  be  a  foroe  directed  from  o  towards  p,  and  by  the  principle 
of  the  composition  of  forces  is  equivalent 
to  two  components,  one  o  m  in  the  direc- 
tion of  the  comet's  path,  and  the  other 
on  perpendicular  to  that  path.     If  the 
motion  of  the  comet  be  directed  from  o 
towards  m,  it  will  be  accelerated ;  and 
if  it  be  duected  from  o  towards  m',  it 
will  be   retarded  by  that  component 
Vig.  818.  of  the  planef  8  attraction  which  is  di- 

rected from  0  to  m.  The  other  com- 
ponent 0  m  being  at  right  angles  to  the  comet's  motion,  will  have 
no  direct  effect  either  in  accelerating  or  retarding  it. 

It  appears,  therefore,  in  general,  that,  if  the  direction  of  the 
comet's  motion  c  m  make  an  acute  angle  with  the  line  o  P  drawn 
to  the  planet^  the  planet's  attraction  will  accelerate  it;  and  if  ita 
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direction  o  nC  make  an  obtnae  angle  with  the  lines  C  P,  il  will 
retard  it. 

This  being  anderstood^  the  dbtorbiDg  aetion  of  a  planet  saek  as 
Jupiter  or  Satnm  on  a  comet  such  as  Halley's  may  be  easily  com- 
prehended.    'Loifig,  819^  the  orbit  of  the  comet  is  represented  at 

A  c  P  (Z'  in  its  proper  proportions,  A  P 
being  the  major  azis^  p  the  place  of 
perihelion,  A  that  of  aphelion,  and  s 
that  of  the  focus  in  which  the  snn  is 
placed.  The  small  circle  described 
ronnd  8  represents  in  its  proper  pro- 
portions the  orbit  of  the  earth,  whose 
distance  is  about  twice  that  of  the 
comet  when  the  latter  is  at  perihe- 
lion. The  circle  pjfp"  represents  in 
its  proper  proportions  the  orbit  of  Ju- 
piter, which,  for  illustration,  we  shall 
consider  as  the  disturbing  planet 

It  will  be  apparent  on  the  mere 
inspection  of  the  diagram,  that  lines 
drawn  from  the  planet,  wfaateTer  be 
its  place,  to  any  point  whatever  of  the 
comet's  path  between  its  aphelion  A 
and  the  point  m',  where  it  arrives  at 
the  orbit  of  the  planet  in  approaching 
the  snn,  will  make  acute  angles  with 
the  direction  of  the  comet's  motion, 
and  that,  conseouently,  the  eomet  will 
be  accelerated  oy  the  action  of  the 
planet.  In  like  manner  it  is  apparent 
that  lines  drawn  from  the  planet, 
whatev^  be  its  place,  to  any  pmnt 
whatever  of  the  comet's  path  between 
m  and  the  aphelion  a,  will  make  ob- 
tuse angles  with  the  direction  of  the  comet's  motion,  and,  conse- 
Cjuently,  the  comet  will  be  retarded  by  the  action  of  Uie  planet  in 
departing  from  the  sun,  from  f»  to  A. 

In  that  part  of  the  comef  s  path  which  lies  within  the  planet's 
orbit,  the  action  of  the  planet  alternately  accelerates  and  retards  it, 
according  to  their  relative  position.  If  the  planet  be  at/>,  suppose 
po  drawn  so  as  to  be  at  right  angles  to  the  path  of  the  comet 
jBetween  m!  and  o  the  action  of  the  phinet  %ip  will  accelerate  the 
comet,  and  after  the  comet  passes  s  it  will  retard  it.  In  like  man- 
ner if  the  planet  be  at  //' ,  it  will  first  retard  the  motion  of  the  comet 
proceeding  from  m!  towaids  A,  and  will  continue  to  do  so  nntil  the 
line  of  direction  becomes  perpendicular  to  that  of  the  comet's  mo- 
tion, after  which  it  will  accelerate  it. 
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It  appears,  therefore^  thot  daring  the  period  of  the  oomet,  the 
distorbiDg  action  of  the  planet  is  sucject  to  several  changes  of  direo- 
tion,  owing  partly  to  the  change  of  position  of  the  comet  and  partly 
to  that  of  the  planet;  and  the  total  effect  of  the  disturbing  action 
of  the  planet  on  the  comet's  period  is  found  by  taking  the  difference 
between  the  total  amount  of  all  the  accelerating  and  all  the  retard- 
ing actions. 

In  the  case  of  the  planet  Jupiter  and  Halle/s  comet,  the  former 
makes  nearly  seven  complete  revolutions  in  a  single  period  of  the 
comet;  and  consequently  its  disturbing  action  is  not  only  subject  to 
several  changes  of  direction^  but  also  to  continual  variation  of  in- 
tensityy  owing  to  its  change  of  distance  from  the  comet 

Small  as  the  arc  m'  P  m  of  the  comet's  path  is  which  is  included 
within  the  orbit  of  Jupiter,  the  fraction  of  the  period  in  which  UnB 
arc  is  traversed  by  the  comet  is  much  smaller,  as  will  be  apparent 
by  considering  the  application  of  the  principle  of  equable  areas 
(2599)  to  this  case.  The  time  taken  by  the  comet  to  move  over 
the  arc  m'  P  m  is  in  the  same  proportion  to  its  entire  period,  as  the 
area  included  between  the  are  m'  pm  and  the  lines  m'  s  and  msia 
to  the  entire  area  of  the  ellipse  A  P. 

To  simplify  the  explanation,  the  orbit  of  the  comet  has  here  been 
supposed  to  be  in  the  plane  of  that  of  the  disturbing  planet.  If  it 
be  not,  the  disturbing  action  will  have  another  component  at  right 
angles  to  the  plane  of  the  comet's  orbit,  the  effect  of  which  will  be 
a  tendency  to  vary  the  indication. 

3060.  Effect  of  the  perturbing  action  of  Jupiter  and  Saturn  on 
Jlalle^t  comet  between  1682  and  1759. — The  result  of  the  investi- 
gation by  Clairaut  showed,  that  the  total  effect  of  the  disturbing 
action  of  Jupiter  and  Saturn  on  Halley's  comet  between  the  peri- 
helions  in  1682  and  in  1759,  was  to  increase  its  period  by  618  days 
as  compared  with  the  time  of  its  preceding  revolution,  of  which  in- 
crease, 100  days  were  due  to  the  action  of  Saturn,  and  518  to  that 
of  Jupiter. 

Clairaut  did  not  take  into  account  the  disturbing  action  of  the 
earth,  which  was  not  altogether  inconsiderable,  and  could  not  allow 
for  those  of  the  undiscovered  planets  Uranus  and  Neptune.  The 
effects  of  the  action  of  the  other  planets,  Mars,  Yenus^  Mercury, 
and  the  planetoids,  are  in  these  cases  insignificant. 

8061.  Calculations  of  its  return  in  1835-6, — In  the  interval  of 
three-quarters  of  a  century  which  preceded  the  next  re-appearance 
of  this  comet,  science  continued  to  progress,  and  instruments  of  ob- 
servation and  principles  and  methods  of  investigation  were  still 
further  improved;  and,  above  all,  the  number  of  observers  was 
greatly  augmented.  Before  the  epoch  of  its  return  in  1835,  its  mo- 
tions, and  the  effects  produced  upon  them  by  the  disturbing  action 
of  the  several  planets,  were  computed  by  MM.  Damoiseau,  Ponte- 
ni.  43 
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eoulant,  Bosenberger,  and  Lehmann,  who  seyerallj  predicted  iti 

arrival  at  perihelion : — 

Damoiaeau 4th  Not.  1885. 

Fontecoulant 7th        ** 

Rosenberger 11th        '* 

Lehmann 26th        <* 

8062.  Predictions  fulfilled. — These  predictions  were  all  published 
before  July  1885.  The  comet  was  seen  at  Rome  on  the  5th  Aa- 
gnst,  in  a  position  within  one  degree  of  the  place  assigned  to  it  for 
that  dajy  in  the  ephomoris  of  M.  Rosenberger.  On  the  20th  Au- 
gust, it  became  visible  to  all  observers,  and  pursued  the  courBe,  with 
very  little  deviation,  which  had  been  assigned  to  it  in  the  epheme- 
rides,  arriving  at  its  perihelion  on  the  16th  Nov.,  being  very  nearly 
a  mean  between  the  four  epochs  assigned  in  the  predictions. 

After  this,  passing  south  of  the  equator,  it  was  not  visible  in 
northern  latitudes,  but  continued  to  be  seen  in  the  southern  hemi- 
sphere uDtil  the  5th  of  May  1886,  when  it  finally  disappeared,  not 
again  to  return  until  the  year  1911. 

8068.  Tabular  synopsis  of  the  motion  of  ffaUey's  comet  —  In 
Table  lY.  is  given  a  synopsis  of  the  elements  of  the  orbit  of  this 
comet,  deduced  from  the  observations  made  on  each  of  its  seven 
successive  returns  to  perihelion,  between  1878  and  1835  inclosiTe. 

TABLE  IV. 
Elements  of  Halley's  Comet  to  1886. 


1531 

leoT 

IWU 
1759 
1S35 

Men 
Dblance, 

Eeeao. 
tridi/. 

Parllwlien 
Di^Unc*. 

D&Z 

LonfllDte 
PwihalfaMk. 

LeacHoda 
Kod«. 

ladiMliaB 

t 

Tta«  ef  FMtlKli«  ' 

•; 

« 

(l-f-O 

r 

¥ 

< 

ILT.O. 

17-7846 
I7  91» 
18-1701 
180J78 
17-9876 

M874 
0-967I 
0-96T9 
0-9C7T 
W674 

0-5SS6 
0-58M 
0^799 
0-5680 

0-5866 

84-96* 

ass8 

86-76 
85-48 
86-30 

o    #    »# 
899  31 

301     0 
801   18 
801  SS  10 

801  56  87 
301    10  88 
804  Si  Si 

o     •     « 

47  17 

48  30 

SS. 

51    11    18 
58  60  tr 
56     850 

s .; » 

not 

tss-  s  i- 

Sept.  14.        It       u 
Mw.  11.       IS     ti 
No*.  IS.       t8      41 

It  appears  that  the  mean  distance  of  this  comet  is  about  eighteen 
times  that  of  the  earth,  and  that  it  is  comMouently  a  little  less  than 
the  mean  distance  of  Uranus.  When  in  perihelion,  its  distance 
from  the  sun  is  about  half  the  earth's  distance,  while  its  distance  in 
aphelion  is  above  thirty-five  times  the  earth's  distance,  and  therefore 
seventy  times  its  perihelion  distance. 

8064.  Pon^s  comet  of  1812.  — On  the  20th  of  July  1812,  a 
comet  was  discovered  by  M.  Pons,  whose  orbit  was  calculated  bj 
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Professor  Enck^,  and  was  found  to  be  an  ellipse  of  snch  dimensions 
as  to  give  a  period  of  75}  years,  equal  to  that  of  Halley's  comet. 

3065.  Olbers'  comet  of  1815.— On  the  6th  of  March  1815,  Dr. 
Gibers  discovered  at  Bremen,  a  oomet  whose  orbit,  calculated  by 
I^rofessor  Bessel,  proved  to  be  an  ellipse,  with  a  period  of  74  years. 
The  next  perihelion  passage  of  this  comet  is  predicted  for  the  9th 
of  February  1887. 

3066.  De  Vico's  comet  of  1846.  — On  the  28th  of  February 
1846,  M.  de  Yico  discovered  a  comet  at  Rome,  whose  orbit,  calcu- 
lated by  MM.  Van  Deinse  and  Pierce,  appears  to  be  an  ellipse,  with  ^ 
a  period  of  72-73  years. 

3067.  Brorsen's  comet  of  1847. — A  comet  was  discovered  by 
M.  Brorsen  at  Altona,  on  the  20th  of  July  1847 ;  the  orbit  of 
which,  calculated  by  M.  d' Arrest,  appears  to  be  an  ellipse^  with  a 
period  of  75  years. 

3068.  WesiphaVB  comet  of  1852.—  On  the  27th  of  June,  1852, 
a  comet  was  discovered  by  M.  Westphal  at  Gottingen,  and  was  soon 
afterwards  observed  by  M.  Peters  at  Constantinople.  The  calcu- 
lation of  its  orbit  proves  it  to  be  an  ellipse^  with  a  period  of  about 
70  years. 

3069.  Tabular  tynopsU  of  the  motions  of  these  six  comets,  —  In 
Table  Y.  are  presented  the  data  necessary  to  determine  the  motions 
of  these  six  comets : — 

TABLE  V. 

Synopsis  of  the  Motion  of  the  Elliptic  Comets,  whose  mean  Distances  are 
nearly  equal  to  that  of  Uranus. 
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3070.  Diagram  of  (heir  orbiu,  —  In  Jig.  820,  is  presented  t 
plan  of  their  orbits,  brought  upon  &  common  plane,  and  drawn 
according  to  the  scale  indicated.  This  figure  shows,  in  a  manner 
sufficiently  exact  for  the  purposes  of  illustration,  the  relative  mag- 
nitudes and  forms  of  the  six  orbits,  as  well  as  the  directions  of  their 
several  axes  with  relation  to  that  of  the  first  point  of  Aries. 


Fig.  820. 

8071.  Planetary  characten  are  nearly  effaced  in  *^^^J^^^^^ 
By  comparing  the  elements  given  in  Table  V.,  and  the  fcMrn*^  ^^^ 
mairnitudes  of  the  orbits  shown  in  the  diagram,  with  Aho8«.^ 


812,  It  will  be  perceived  that  the  planetary  characteristics  no 
in  the  latter  group,  are  nearly  effaced.     Five  of  the  six  comets 
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posing  tbe  second  group,  rerolve  in  tbe  common  direction  of  the 
planets,  and  this  is  the  only  planetary  character  observable  among 
\hcm.  The  inclinations,  no  longer  limited  to  those  of  the  planetary 
orbits,  range  from  18^  to  74^.  The  eccentricities  are  all  so  extreme, 
that  the  arc  of  the  orbit  near  perihelion  approximates  closely  to  the 
parabolic  form,  and,  in  fine,  the  most  remarkable  body  of  the  gronp, 
the  comet  of  Halley,  revolves  in  a  direction  contrary  to  the  common 
motion  of  the  planets. 

But  it  is  more  than  all  in  the  elongated  oval  form  of  their  orbits, 
that  this  group  of  comets  difiers,  not  only  from  the  planets,  but  from 
the  first  group.  While  their  perihelia  are  at  distances  from  the 
sun,  between  those  of  Mars  and  Mercury,  their  aphelia  are  from 
two  to  five  hundred  millions  of  miles  outside  the  orbit  of  Neptune. 
Thus,  the  comet  of  Halley,  for  example,  in  perihelion,  is  at  a  dis- 
tance from  the  sun  less  than  that  of  Venus }  but  at  its  aphelion,  its' 
distance  exceeds  that  of  Neptune  by  a  space  greater  than  Jupiter's 
distance  from  the  sun.  The  mean  angular  motion  of  this  comet  is 
nearly  the  same  as  that  of  Uranus ;  but  its  angular  motion  in  peri- 
helion is  three  times  that  of  Mercury ;  while  its  angular  motion  in 
aphelion  is  little  more  than  half  that  of  Neptune. 

The  corresponding  variations  of  solar  light  and  heat,  and  of  the 
apparent  magnitude  and  motion  of  the  sun  as  seen  from  the  comet, 
may  be  easily  inferred. 

lY.  Elliptic  Comets,  whose  mean  distanoes  exceed  ths 
LIMITS  or  the  solab  system. 

8072.  Tahvlar  syncp$i$  of  twenty-one  eUiptic  eomets,  of  great 
eccentridtjf  and  long  period.  —  Although  the  periodicity  of  this 
class  of  comets  has  not  yet  in  any  instance  been  certainly  established 
by  observations  made  upon  their  successive  returns  to  perihelion, 
the  observations  made  upon  them  during  a  single  perihelion  passage 
indicate  an  arc  of  their  orbit,  which  exhibits  the  elliptic  form  so 
unequivocally,  as  to  supply  computors  and  mathematicians  with  the 
data  necessary  to  obtain,  with  more  or  less  approximation,  the  value 
of  the  eccentricity,  which,  combined  with  the  perihelion  distance, 
gives  the  form  and  magnitude  of  the  comet's  orbit. 

By  calculations  conducted  in  this  manner,  and  applied  to  the 
observations  made  on  various  comets  which  have  appeared  since  the 
latter  part  of  the  seventeenth  century,  the  elliptic  orbits  of  twenty- 
one  of  these  bodies  have  been  computed,  and  are  given  in  the  order 
of  the  dates  of  their  perihelion  passages  in  the  table  on  p.  510. 

Of  this  group  the  least  eccentric  is  No.  15,  which  passed  its  peri« 
helion  in  1840.  This  comet  was  discovered  at  Berlin  by  M.  Bre* 
miker,  and  its  orbit  was  calcuktcd  by  Ootz,  and  proved  to  be  an 
ellipse,  having  the  elements  given  in  the  table^  subject  to  no  greater 

43* 


610 


ASTRONOMT. 


TABLE  VI. 

Bjnopsis  of  the  Motions  of  the  Elliptio  Comets  whose  mean  DiBtancet 
exceed  the  Limits  of  the  Solar  System. 
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nncertainty  than  g'^th  of  the  valae  assigned  to  the  mean  distance. 
The  eccentricity,  and  consequently  the  form  of  the  orbit,  is  similir 
to  that  of  Hallcy,  but  the  major  axis  is  2}  times,  and  the  period 
nearly  five  times  greater.  Its  perihelion  distance  is  equal  to  that 
of  Mars,  and  its  aphelion  distance  more  than  three  times  thit  of 
Noptune. 
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No.  6,  whiok  passed  its  perihelion  in  1798|  has  an  orbit^  aooord- 
iog  to  the  calculations  of  iT  Airest^  nearly  similar  both  in  form  and 
magoitu  'e,  as  will  be  seen  by  comparing  the  numbers  g^ven  in  the 
table.  More  uncertainty^  however,  attends  the  estimation  of  these 
elements. 

The  comets  which  approached  nearest  to  the  sun  were  the  great 
comets  of  1680  and  1843,  Nos.  1  and  16  in  the  tablej  both  memo- 
rable for  their  extraordinary  magnitude  and  splendour. 

The  elements  of  that  of  1680,  given  in  the  table,  are  those  which 
have  resulted  from  the  calcuktions  of  Professor  Enck^,  based  on 
all  the  observations  of  the  comet  which  have  been  recorded.  The 
elements  of  the  great  comet  of  1848  have  resulted  from  the  com- 
putations of  Mr.  Hubbard.  Both  are  subject  to  considerable  uncer- 
tainty, and  must  be  accepted  only  as  the  best  approximations  that 
can  be  obtained. 

What  is  not  subject,  however,  to  the  same  uncertainty,  is  the 
extraordinary  proximity  of  these  bodies  to  the  sun  at  their  re- 
spective perihelia.  The  perihelion  distance  of  the  comet  of  1680 
was  about  576,000  miles— and  that  of  1843,  588,000  miles. 
Now  the  semi-diameter  of  the  sun  being  441,000  miles,  it  follows 
that  the  distance  of  the  centres  of  those  comets  respectively  from 
the  surface  of  the  sun  at  perihelion  must  have  been  only  235,000 
and  97,000 }  so  that  if  the  semi-diameter  of  the  nebulous  envelope 
of  either  of  them  exceeded  this  distance,  they  must  have  actually 
grazed  the  sun. 

The  velocity  of  the  orbital  motion  of  these  bodies  in  aphelion 
appears  by  the  table  to  be  such,  that  the  comet  of  1680  would 
have  revolved  round  the  sun  in  a  minute,  and  that  of  1843  in  little 
less  than  two  minutes,  if  they  retained  the  same  angular  motion 
undiminished. 

The  distance  to  which  the  comet  of  1680  recedes  in  its  aphelion 
is  28}  times  greater  than  that  of  Neptune.  The  apparent  diameter 
of  the  sun  seen  from  that  distance  would  be  2",  and  the  intensity 
of  its  light  and  heat  would  be  730,000  times  less  than  at  the  earth; 
while  their  intensity  at  the  perihelion  distance  would  be  26,000 
times  greater,  so  that  the  light  and  heat  received  by  the  comet  in 
its  aphelion  would  be  26,000x730,000=18,980  million  times  less 
than  in  perihelion. 

The  greatest  aphelion  distances  in  the  table  are  those  of  Nos.  5, 
13,  and  17,  the  comets  of  1780,  1830,  and  1844,  amounting  to 
from  100  to  140  times  the  distance  of  Neptune ;  the  eccentricities 
differing  from  unity  by  less  than  -n^i^'  These  orbits,  though 
strictly  the  results  of  calculation,  must  be  regarded  as  subject  to 
considerable  uncertainty. 
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3073.  Plan  f^f  the  form  and  relative  mag- 
nitude of  the  orbits.  — To  convey  an  idea  of 
the  form  of  the  orbits  of  the  comets  of  this 
group,  and  of  the  proportion  which  their 
magnitude  bears  to  the  dimensions  of  the 
soltf  system,  we  haye  drawn,  in  Juj.  821,  an 
eUipse,  which  may  be  considered  as  repre- 
senting the  form  of  the  orbits  of  the  comets 
Noe.  15,  6,  9,  12,  and  1,  of  the  Table  VL 

If  the  ellipse  represent  the  orbit  of  the 
comet  No.  15,  the  circle  a  will  represent  on 
the  same  scale  the  orbit  of  Neptune. 

If  the  ellipse  represent  the  orbit  of  the 
comet  No.  6,  the  circle  b  will  represent  the 
orbit  of  Neptune. 

If  the  ellipse  represent  the  orbit  of  No.  9, 
the  circle  c  will  represent  the  orbit  of  Nep- 
tune. 

If  the  ellipse  represent  the  orbit  of  No. 
12,  the  circle  d  will  represent  the  orbit  of 
Neptune. 

If  the  ellipse  represent  the  orbit  of  No.  1, 
the  circle  e  will  represent  the  orbit  of  Nep- 
tune. 

V.  Hyperbolic  Comets. 

3074.     Tabvlar  synopsis  of   hyperbolic 

Fig.  821.  comets,  — In  the  annexed  Table  (VII.)  are 

given  the  elements  of  seven  comets,  which 

appear,  by  the  results  of  calculations  made  upon  the  observations,  to 

have  passed  through  the  system  in  hyperbolic  orbits. 

TABLE  VIL 
Synopsis  of  the  Motions  of  the  Hyperbolic  Comets. 
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TABLE  VIII. 
Elements  of  the  Orbits  of  Comets  ascertained  tr:  presnmed  to  be  parabolic. 
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VI.  Parabolic  Comets. 

8075.  Tahtilar  synopsis  of  the  parabolic  comets. — In  the  annexed 
Table  (YIII.)  are  given  the  elements  of  the  orbits  of  161  comets, 
whose  paths  in  passing  through  the  system  have  been  either  para- 
bolas or  ellipses  of  eccentricities  so  extreme  as  to  be  undistinguish- 
able  from  parabolas  in  that  part  of  their  orbits  at  which  thej  were 
capable  of  being  observed. 

VII.  Distribution  of  cometary  orbits  in  space.* 

3076.  Distribution  of  the  cometary  orbits  in  space.  —  In  review- 
ing the  vast  mass  of  data  collected  bj  the  labours  of  observers, 
ancient  and  modern,  and  which/  so  far  as  we  have  been  enabled  to 
see  grounds  for  classification,  are  marshalled  in  the  series  of  tables 
which  are  given  above,  it  is  natural  to  look  for  some  evidence  of  a 
prevalent  law  in  the  motions  of  these  bodies.  The  absence  of  all 
analogy  to  the  planetary  orbits,  except  in  the  case  of  the  first  group 
of  elliptic  comets  consigned  to  Table  III.,  has  been  already  indi- 
cated ;  but,  although  no  analogy  to  the  planetary  motions  may  exist, 
it  does  not  follow  that  the  cometary  motions  may  not  be  governed 
by  some  laws  of  their  own,  the  nature  and  character  of  which  can 
only  be  discovered  by  carefully  conducted  induction. 

3077.  Relative  numbers  of  direct  and  retrograde  comets.  —  It 
has  been  shown  that  of  the  nineteen  comets  included  in  the  first 
and  second  groups,  which  possess  in  the  most  marked  degree  the 
planetary  character,  one  only  is  retrograde.  Here  is,  then,  the 
indication  of  a  law,  so  far  as  regards  the  direction  of  the  motion  of 
the  comets  of  these  croups. 

To  ascertain  whether  traces  of  the  same  law  are  discoverable  in 
the  other  classes  of  comets,  let  the  other  tables  be  examined  and 
compared. 

Of  the  twenty-one  comets  included  in  Table  VI.  there  are^ 

Direct 10 

Retrograde 11 

21 

There  is,  therefore,  among  these  no  indication  of  the  prevalence 
of  any  law  in  relation  to  the  direction  of  the  motion. 
Of  the  seven  hyperbolic  comets  in  Table  VII.  there  are, 

Direct 6 

Retrograde 1 

? 

*  This  section  contains  the  substance  of  a  paper  by  the  author,  which 
has  been  printed  in  the  Proceedings  of  the  Boyal  Astronomical  Society. 
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Here  the  law  of  direct  motion  re-appears;  but  the  namber  is  too 
small  to  supply  ground  for  any  safe  induction. 

Of  160  parabolic  comets  included  in  Table  YIII.  there  are, 

Direct 70 

Betrograde 86 

166 
Direction  iiBascertained 4 

160 

Here  the  tendency  leans  to  retrograde  motion,  but  still  not  in  a 
degree  sufficiently  decided  to  supply  safe  ground  for  a  concinsioD. 
If^  instead  of  taking  as  the  basis  of  the  induction  the  160  paiaboHc 
comets,  we  take  the  entire  number  of  208  comets  of  which  the 
direction  is  ascertained,  we  shall  find. 

Direct 104 

Betrograde 99 

208 

It  must)  therefore,  be  concluded  that^  notwithstanding  the  con- 
siderable number  of  comets  whose  motions  have  been  observed, 
no  general  trace  of  any  law  governing  the  direction  of  motion  is 
discoverable. 

8078.  Inclination  of  (he  orbiU.— Taking  all  the  orbits  of  which 
the  inclinations  have  been  ascertained,  it  will  be  found  that,  of 
every  hundred,  the  inclinations  are  distributed  as  follows : 

o  o 

0  to  10 10-80 

10  "   20 8-80 

20  "   80 6-86 

80  ««   40 11-26 

40  «   50 16-76 

50  "    60 14-70 

60  "    70 11-80 

70  "   80 12-75 

80  "   90 8-80 

100-00 

There  are  here  evident  indications  of  a  tendency  of  the  planes  of 
the  cometary  orbits  to  collect  round  a  plane  whose  inclination  to 
the  plane  of  the  ecliptic  is  45°,  or  if  a  cone  be  imagined  to  be 
formed  bavins  a  semi-angle  of  45°,  and  its  axis  at  right  angles  to 
the  plane  of  the  ecliptic,  the  planes  of  the  cometary  orbits  betray  a 
tendency  to  take  the  position  of  tangent  planes  to  the  sur&ce  of 
such  a  cone. 
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8079.  Direciwfu  of  the  nodes  and  perihelia. — Taking,  in  like 
maDner,  the  loDgitades  of  the  nodes  and  the  perihelia,  we  find 
that  thoee  of  every  hundred  oomets  are  distribated  in  longitude  as 
follows  :^ — 


(P  to  809 ^ 

NiarfMrofRodK 

VvBtMrarPwiMiB. 

8-85* 

0-80 

80        00 

8-86 

7-80 

00        00 

11'8« 

12-25 

00       120 

8-36 

11-70 

MO       180 ^ 

1-36 

8-26 

IM       180 

T-flO 

2-90 

180       210 

0-00 

6-86 

210       240 ^ 

800 

7-80 

402       270 

7-40 
4-00 

10-70 
12-76 

870       800  ...•....•««...,..M •* 

80O      880 

8-36 

10-80 

ao     800 

MO 

8-40 

10000 

100-00 

An  nnifonn  distribution  would  give  8*88  nodes  to  eaoh  arc  of  ^ 
80**.    The  number  in  the  third  sign  between  60"*  and  90**  is  nearlv 
12,  and  in  the  seventh  sign  between  180^  and  210^  nearly  10^  bou 
considerably  ezoeeding  the  mean  share. 

The  distribution  of  the  perihelia  is  still  more  unequal.  There  is 
an  evident  tendency  to  crowd  into  the  arcs  between  60^  and  120^, 
and  between  240^  and  800^.  The  number  of  perihelia  due  to  an 
are  of  60^  is  16<66.  Now  the  actual  number  found  between  60^ 
and  120^  is  28*95,  about  50  per  cent,  above  the  mean.  Between 
240^  and  880^  there  are  88*75  perihelia,  where,  as  the  number  due 
to  an  arc  of  90^  is  25,  the  actual  number  being  85  per  cent,  above 
the  mean. 

3080.  Dutrihufion  of  (he  points  of  perihelion.  —  Considering 
how  much  the  visibility  of  a  comet  from  the  earth  depends  on  its 
perihelion  distance,  and  that  beyond  a  certain  limit  of  such  distance 
a  comet  cannot  be  expected  to  be  seen  at  all,  it  cannot  be  expected 
that  the  law,  if  any  such  there  be,  which  governs  the  distribution 
of  the  points  of  perihelion  round  the  sun  can  be  discovered  with  any 
degree  of  certainty.  Nevertheless,  it  will  not  be  without  interest  to 
show  the  distribution  of  the  points  of  perihelion  of  the  known  comets 
in  relation  to  their  distances  from  the  sun.  • 

If  the  centre  of  the  sun  be  imagined  to  be  surrounded  by  spheres 
having  semi-diameters  increasing  successively  by  a  constant  incre- 
ment of  20  millions  of  miles,  the  number  out  of -every  hundred 
known  comets  whose  perihelia  lie  between  sphere  and  sphere  will 
bo  as  follows  :^ 

ni.  44 
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NamlMir  of  Pwrtlirilfc 

Within      20  8-65 

Between   20  and    40  11-70 

40    •*      60  20-30 

60    "      80  17-20 

80    "    100  20-80 

100    "    120  8-66 

120    "    140  4-65 

140    ««    160  4-05 

160    "    180  200 

180    "    220  2-66 

220    "    240  0-66 

10000 

It  is  evident  that  the  small  proportion  of  the  perihelia  which  lie 
outside  the  sphere,  whose  radius  is  120  millions  of  miles,  must  be 
ascribed  to  the  fact  that  comets  moving  in  such  orbits  will  moetlj 
escape  observation :  but  it  may,  perhaps,  be  assumed  that,  ceteris 
paribus,  the  comets  whose  perihelia  lie  within  a  sphere  througli 
the  earth's  orbit  have  nearly  equal  chances  of  being  observed.  If 
this  be  assumed,  then  it  will  follow  that  the  numbers  of  such  comets 
which  have  been  observed  are  nearly  proportional  to  their  total 
numbers,  and  therefore  that  the  numoers  within  this  limit  in  the 
preceding  table  do  actually  represent  approximately  the  distributiQa 
of  the  points  of  perihelia  round  the  sun. 

If  we  compare  then  the  number  of  perihelia  situate  between  the 
equidistant  spheres  indicated  in  the  preceding  table  with  the  cubical 
spaces  through  which  they  are  respectively  distributed,  we  shall 
obtain  an  approximate  estimate  of  Uie  density  of  their  distribution 
in  relation  to  the  distances  from  the  sun.  I  have  computed  the  fol> 
lowing  table  with  this  view.  In  the  second  column  I  have  given 
the  number  of  comets  per  cent,  whose  perihelia  are  included  between 
the  equidistant  spheres ;  in  the  third  column  the  numbers  express 
the  cubical  spaces  between  sphere  and  sphere,  the  volume  of  the 
sphere  whose  radius  is  20  millions  of  miles,  being  the  cubical  unit ; 
and  in  the  fourth  column  the  numbers  are  the  quotients  of  those  in 
the  second  divided  by  those  in  the  third,  and  therefore  express  the 
successive  densities  of  the  perihelia  between  sphere  and  sphere. 


0  to  20....*.... 

Noinberaor 
Panbdia. 

Cubinl 

neraityor 
FtonlMla. 

8-66 
11-70 
20-30 
17-20 

ao-80 

8-65 

1 
7 

19 
87 
61 
01 

8-65 
167 
1-06 
0-47 
0-34 

0-m 

20      40 

40      60 

60      80 

80    100 

100    120 
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It  is  evident  then  that  the  density  of  the  perihelia  increases 
rapidly  in  approaching  the  sun.  If  the  numbers  in  the  last  column 
of  the  table  be  compared  with  the  inverse  powers  of  the  distance^ 
it  vrill  be  found  that  this  increase  of  density  is  more  rapid  than  the 
inverse  distance,  but  less  so  than  the  inverse  distance  squared. 

Vni.  Physioal  constitution  of  comets. 

3081.  Apparent  form  —  Sisad  and  Tail  —  Comets  in  general, 
and  more  especially  those  which  are  visible  without  a  telescope, 
present  the  appearance  of  a  roundish  mass  of  illuminated  vapour  or 
nebulous  matter,  to  which  is  often,  though  not  always,  attached  a 
train  more  or  less  extensive,  composed  of  matter  having  a  like  ap- 
pearance. The  former  is  called  the  kead,  and-  the  latter  the  tail 
of  the  comet 

3082.  Nucleus.  —  The  illumination  of  the  head  is  not  generally 
uniform.  Sometimes  a  bright  central  spot  is  seen  in  the  nebulous 
matter  which  forms  it.     This  is  called  the  nucleus. 

The  nucleus  sometimes  appears  as  a  bright  stellar  point,  and  some- 
times presents  the  appearance  of  a  planetary  disk  seen  through  a 
nebulous  haze.  In  general,  however,  on  examining  the  object  with 
high  optical  power,  these  appearances  are  changed,  and  the  object 
seems  to  be  a  mere  mass  of  illuminated  vapour  from  its  borders  to 
its  centre. 

3083.  Coma,  —  When  a  nucleus  is  apparent,  or  supposed  to  be 
so,  the  nebulous  haze  which  surrounds  it  and  forms  the  exterior  part 
of  the  head  is  called  the  coma. 

3084.  Origin  of  the  name.  —  These  designations  are  taken  from 
the  Greek  word  xoft^  (kom6)  hair,  the  nebulous  matter  composing 
the  ooma  and  tail  being  supposed  to  resemble  hair,  and  the  object 
being  therefore  called  xo^f?;  (kometes),  a  hairy  star. 

3085.  Magnitude  of  the  head.  —  As  the  brightness  of  the  coma 
gradually  fades  away  towards  the  edges,  it  is  impossible  to  determine 
with  any  great  degree  of  precision  its  real  dimensions.  These,  how- 
ever, are  obviously  subject  to  enormous  variation,  not  only  in  dif- 
ferent comets  compared  one  with  another,  but  even  in  the  same 
comet  during  the  interval  of  a  single  perihelion  passage.  The 
greatest  of  those  which  have  been  submitted  to  micrometrical  mea- 
surement was  the  great  comet  of  1811,  Table  YI.  No.  8,  the  dia- 
meter of  the  head  of  which  was  found  to  be  not  less  than  \\  millions 
of  miles,  which  would  give  a  volume  greater  than  that  of  the 
sun  in  the  ratio  of  about  2  to  1.  The  diameter  of  the  head  of 
Halley's  comet  when  departing  from  the  sun,  in  1836,  at  one  time 
measured  357,000  miles,  giving  a  volume  more  than  sixty  times 
that  of  Jupiter.  These  are,  however,  the  greatest  dimensions  which 
have  been  observed  in  this  class  of  objects,  the  diameter  rarely 
exceeding  200,000  miles,  and  being  generally  less  than  100,000. 
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3086.  Magnitude  of  the  ni<c2nM.  •— Attempts  bave  been  made, 
wbere  nnclei  were  perceivable,  to  estimate  tbeir  magnitude,  and 
diameters  have  been  assigned  to  them,  varying  from  100  to  5000 
miles.  For  the  reasons,  however,  already  explained,  these  results 
must  be  regarded  as  very  doubtful. 

Those  who  deny  the  existence  of  solid  matter  within  the  coma, 
maintain  that  even  the  most  brilliant  and  conspicuous  of  these 
bodies,  and  those  which  have  presented  the  strongest  resemblance 
to  planets,  are  more  or  less  transparent  It  might  be  supposed  that 
a  fact  so  simple  as  this,  in  this  age  of  astronomical  activity,  oould 
not  remain  doubtful;  but  it  must  be  considered,  that  the  comlH- 
naUon  of  circumstances  which  alone  would  test  such  a  question,  is 
of  rare  occurrence.  It  would  be  necessary  that  the  centre  of  the 
head  of  the  comet,  although  very  small,  should  pass  critically  over 
a  star,  in  order  to  ascertain  whether  such  star  is  visible  through  it 
With  comets  having  extensive  comaa  without  nuclei,  this  has  some- 
times occurred ;  but  we  have  not  had  such  satisfactory  examples  in 
the  more  rare  instances  of  those  which  have  distinct  nuclei. 

In  the  absence  of  a  more  decisive  test  of  the  occultation  of  a  star 
by  the  nucleus,  it  has  been  maintained  that  the  existence  of  a  solid 
nucleus  may  be  fairly  inferred  from  the  great  splendour  which  has 
attended  the  appearance  of  some  comets.  A  mere  mass  of  vapoui 
could  not,  as  is  contended,  reflect  such  brilliant  light.  The  fol* 
lowing  are  the  examples  adduced  by  Arago : — 

In  the  year  48  before  Christ,  a  comet  appeared  which  was  said  to  he 
visible  to  the  naked  eye  by  daylight.  It  was  the  comet  which  the  Romans 
considered  to  be  the  soul  of  CsBsar  transferred  to  the  heavens  alter  his 
assassination. 

In  the  year  1402  two  remarkable  comets  were  recorded.  The  first  was 
so  brilliant  that  the  light  of  the  sun  at  noon,  at  the  end  of  March,  did  not 
prevent  its  nncleus,  or  even  its  tail  from  being  seen.  The  second  appeared 
in  the  month  of  Jane,  and  was  visible  also  for  a  considerable  time  before 
sunset. 

In  the  year  1532,  the  people  of  Milan  were  alarmed  by  the  appearance 
of  a  star  which  was  visible  in  the  broad  daylight  At  that  time  Venus 
was  not  in  a  position  to  be  visible,  and  consequently  it  is  inferred  that  this 
star  must  have  been  a  comet 

The  comet  of  1577  was  discovered  on  the  18th  of  November  by  Tyeho 
Brahe,  from  his  observatory  on  the  isle  of  Huene,  in  the  Sound,  before 
sunset 

On  the  1st  of  February,  1744,  Chizeauz  observed  a  comet  more  brilliant 
than  the  brightest  star  in  the  heavens,  which  soon  became  equal  in  splen- 
dour to  Jupiter,  and  in  the  beginning  of  March  it  was  visible  in  the  presence 
of  the  sun.  By  selecting  a  proper  position  fbr  observation,  on  the  1st  of 
Maroh  it  was  seen  at  one  o'clock  in  the  afternoon  without  a  telescope. 

Such  is  the  amount  of  evidence  which  observation  has  supplied 
respectiog  the  existence  of  a  solid  nucleus.  The  most  that  can  be 
said  of  it  is^  that  it  presents  a  plausible  argument,  giving  some  pro- 
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bability,  but  no  positive  certainty,  that  comets  bave  Tisited  our 
system  which  have  solid  nuclei,  but,  meanwhile,  this  can  only  be 
maintained  with  respect  to  few:  most  of  those  which  have  been 
seen,  and  all  to  which  very  accurate  observations  have  been  directed, 
have  afforded  evidence  of  being  mere  masses  of  semi-transparent 
matter. 

3087.  The  tail,  —  Although  by  far  the  great  majority  of  comets 
are  not  attended  by  tails,  yet  that  appendage,  in  the  popular  mind, 
is  more  inseparable  from  the  idea  of  a  comet  than  any  other  attribute 
of  these  bodies.  This  proceeds  from  its  singular  and  striking  ap- 
pearance, and  from  the  fact  that  most  comets  visible  to  the  naked 
eye  have  had  tails.  In  the  year  1531,  on  the  occasion  of  one  of  the 
visits  of  Halley's  comet  to  the  solar  system,  Pierre  Apian  observed 
that  the  comet  generally  presented  its  tail  in  a  direction  opposite 
to  that  of  the  sun.  This  principle  was  hastily  generalized,  and  is 
even  at  present  too  generally  adopted.  It  is  true  that  in  most  cases 
the  tail  extends  itself  from  that  part  of  the  comet  which  is  most 
remote  from  the  sun ;  but  its  direction  rarely  corresponds  with  the 
direction  which  the  shadow  of  the  comet  would  take.  Sometimes 
it  has  happened  that  the  tail  forms  with  a  line  drawn  to  the  sun  a 
considerable  angle,  and  cases  have  occurred  when  it  was  actually  at 
right  angles  to  it. 

Another  character  which  has  been  observed  to  attach  to  the  tails 
of  comets,  which,  however,  is  not  invariable,  is,  that  they  incline 
constantly  toward  the  region  last  quitted  by  the  comet,  as  if  in  its 
progress  through  space  it  were  subject  to  the  action  of  some  resist- 
ing medium,  so  that  the  nebulous  matter  with  which  it  is  invested, 
suffering  more  resistance  than  the  solid  nucleus,  remains  behind  it 
and  forms  the  tail. 

The  tail  sometimes  appears  to  have  a  curved  form.  That  of  the 
comet  of  1744  formed  almost  a  quadrant.  It  is  supposed  that  the 
convexity  of  the  curve,  if  it  exists,  is  turned  in  the  direction  from 
which  the  comet  moves.  It  is  proper  to  state,  however,  that  these 
circumstances  regarding  the  tail  have  not  been  clearly  and  satisfao- 
torily  ascertained. 

The  tails  of  comets  are  not  of  uniform  breadth  or  diameter;  they 
appear  to  diverge  from  the  comet,  enlarging  in  breadth  and  dimin- 
ishing in  brightness  as  their  distance  from  the  comet  increases. 
The  middle  of  the  tail  usually  presents  a  dark  stripe,  which  divides 
it  longitudinally  into  two  distinct  parts.  It  was  long  supposed 
that  this  dark  stripe  was  the  shadow  of  the  body  of  the  comet^  and 
this  explanation  might  be  accepted  if  the  tail  was  always  turned 
from  the  sun;  but  we  find  the  dark  stripe  equally  exists  when 
the  tail,  being  turned  sideward,  is  exposed  to  the  effect  of  the  sun's 
light 

This  appearance  is  usually  explained  by  the  supposition  that  the 
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tail  is  a  hollow,  conical  shell  of  raponr,  the  external  suifaee  of 
which  possesses  a  certain  thickness.  When  we  view  it,  we  look 
throngfa  a  considerahle  thickness  of  vapour  at  the  edges,  and  thnragh 
a  comparattvelj  small  quantity  at  the  middle.  Thus  upon  the  sop- 
position  of  a  hollow  cone,  the  greatest  brightness  would  appear  at 
the  sides,  and  the  existence  of  a  dark  space  in  the  middle  would  be 
perfectly  accounted  for. 

The  taib  of  comets  are  not  always  single;  some  have  appeared  at 
different  times  with  several  separate  tails.  The  comet  of  1744, 
which  appeared  on  the  7th  or  8th  of  March,  had  six  tails,  each 
about  4""  in  breadth,  and  from  80^  to  44^  in  length.  Their  ndes 
were  well  defined  and  tolerably  bright,  and  the  spaces  between  them 
were  as  dark  as  the  other  parts  of  the  heavens. 

The  tails  of  comets  have  frequently  appeared,  not  only  of  immense 
real  length,  but  extending  over  considerable  spaces  of  the  heavens. 
It  will  be  easily  understood  that  the  apparent  length  depends  coo- 
jointly  upon  the  real  length  of  the  tail,  and  the  position  in  which  it 
is  presented  to  the  eye.  If  the  line  of  vision  be  at  right  angles  to 
it,  its  length  will  appear  as  great  as  it  can  do  at  its  existing  dis- 
tance ;  if  it  be  oblique  to  the  eye,  it  will  be  foreshortened,  more  or 
lessy  according  to  the  angle  of  obliquity.  The  real  length  of  the 
tail  is  easily  calculated  when  the  apparent  length  is  observed  and 
the  angle  of  obliquity  known. 

In  respect  of  magnitude,  the  tails  are  unquestionably  the  most 
stupendous  objects  which  the  discoveries  of  the  astronomer  have 
ever  presented  to  human  contemplation. 

The  following  are  the  results  of  the  observation  and  measurement 
of  a  few  of  the  more  remarkable : — 


TkUe. 

No. 

Datoof  Appnimac^ 

MilM. 

vni 

148 

1847 

5,000,000 

— 

73 

1744 

19,000,000 

VT 

4 

nm 

40,000,000 

Tin 

46 

1618 

60,000,000 

VI 

1 

1G60 

100,000,000 

•m~ 

8 

1811 

100,000,000 

-.- 

9 

1811 

130,000,000 

"~ 

16 

1843 

aoo/xwjooo 

The  magnitude  of  these  prodigious  appendages  is  even  less 
amaaing  thar  the  brief  period  in  which  they  sometimes  emanate 
from  the  head.  The  tail  of  the  oomet  of  1843,  long  enough  to 
stretch  from  the  sun  to  the  planetoids^  was  formed  in  lem  thaa 
twenty  days. 

8088.  MaUj  volume,  and  density  of  comets,  —  The  masses  of 
comets,  like  those  of  the  planets,  would  be  ascertained  if  the  recip- 
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rocsl  effects  of  ibeir  grsvitation,  and  thoee  of  any  known  bodies  in 
the  system  could  be  observed.  But  althongb  tbe  disturbing  action 
of  the  pknets  on  these  bodies  is  conspicuous,  and  its  eflects  have 
been  calculated  and  observed,  not  the  slightest  effect  of  tbe  same 
kind  has  ever  been  ascertained  to  be  produced  by  them,  even  upon 
the  smallest  bodies  in  the  system,  and  those  to  which  comets  have 
approached  most  nearly. 

In  fine,  notwithstanding  the  enormous  number  of  comets,  observed 
and  unobserved,  which  constantly  traverse  the  solar  system  in  all 
conceivable  directions;  notwithstanding  the  permanent  revolution 
of  the  periodic  comets,  whose  presence  and  orbits  have  been  ascer- 
tained ;  notwithstanding  the  frequent  visits  of  comets,  which  so  tho- 
roughly penetrate  the  system  as  almost  to  touch  the  surface  of  the 
Bun  at  their  perihelion,  the  motions  of  the  various  bodies  of  the 
Bystem,  great  and  small,  planets  major  and  minor,  planetoids  and 
satellites,  go  on  precisely  as  if  no  such  bodies  as  the  comets  ap- 
proached their  neighbourhood.  Not  the  smallest  effects  of  the 
attraction  of  such  visitors  are  discoverable. 

Now  since,  on  the  other  hand,  the  disturbing  effects  of  the  planets 
upon  the  comets  are  strikingly  manifest,  and  since  the  comets  move 
in  elliptic,  parabolic,  or  hyperbolic  orbits,  of  which  the  sun  is  the 
common  focus,  it  is  demonstrated  that  these  bodies  are  composed  of 
ponderable  matter,  which  is  subject  to  all  the  consequences  of  the 
law  of  gravitation.  It  cannot,  therefore,  be  doubted  that  the  comets 
do  produce  a  disturbing  action  on  the  planets,  although  its  effects 
are  inappreciable  even  by  the  most  exact  observation.  Since,  then, 
the  disturbances  mutually  produced  are  in  the  proportion  of  the  dis- 
turbing masses,  it  follows  that  the  masses  of  the  comets  must  be 
smaller  beyond  all  calculation  than  the  masses  even  of  the  smallest 
bodies  among  the  planets  primary  or  secondary. 

The  volumes  of  comets  in  general  exceed  those  of  the  planets  in 
a  proportion  nearly  as  great  as  that  by  which  the  masses  of  the 
planets  exceed  those  of  the  comets.  The  consequence  obviously 
resulting  from  this,  is  that  the  density  of  comets  is  incalculably 
small. 

Their  densities  in  general  are  probably  thousands  of  times  less 
than  that  of  the  atmosphere  in  the  stratum  next  the  surface  of  the 
earth. 

3089.  Light  o/comeU,  —  That  planets  are  not  self-luminous,  but 
receive  their  light  from  the  sun,  is  proved  by  their  phases,  and  by 
the  shadows  of  their  satellites,  which  are  projected  upon  them,  when 
the  latter  are  interposed  between  them  and  the  sun.  These  tests 
are  inapplicable  to  comets.  They  exhibit  no  phases,  and  are  attended 
by  no  bodies  to  intercept  the  sun's  light.  But,  unless  it  could  be 
shown  that  a  comet  is  a  solid  mass,  impenetrable  to  the  solar  rays^ 
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the  non-existence  of  pbases  is  not  a  proof  that  the  body  does  not 
receive  its  light  from  the  sun. 

A  mere  mass  of  cloud  or  vapour^  though  not  self-luminons,  but 
rendered  visible  by  borrowed  light,  would  still  exhibit  no  effect  of 
this  kind  :  its  imperfect  opacity  would  allow  the  solar  light  to  affect 
its  constituent  parts  throughout  its  entire  depth — so  that,  like  a  thin 
fleecy  cloud,  it  would  appear  not  superficially  illuminated,  bat  re- 
ceiving and  reflecting  light  through  all  its  dimensions.  With  respect 
to  comets,  therefore,  the  doubt  which  has  existed  is,  whether  the 
light  which  proceeds  from  them,  and  by  which  they  become  yisible, 
is  a  light  of  their  own,  or  is  the  light  of  the  sun  shining  upon  them, 
and  reflected  to  our  eyes  like  light  from  a  cloud.  Among  several 
tests  which  have  been  proposed  to  decide  this  question,  one  sug- 
gested by  Arago  merits  attention. 

It  has  been  already  shown  (1131  et  seq."),  that  the  apparent 
brightness  of  a  visible  object  is  the  same  at  all  distances,  supposing 
its  real  brightness  to  remain  unchanged.  Now  if  comets  shone  with 
their  proper  light,  and  not  by  light  received  from  the  sun,  their 
apparent  brightness  would  not  decrease  as  they  would  recede  from 
the  sun,  and  they  would  cease  to  be  visible,  not  because  of  the 
faintness  of  their  light,  but  because  of  the  smallness  of  their  ap- 
parent magnitude.  Now  the  contrary  is  found  to  be  the  case.  As 
the  comet  retires  from  the  sun  its  apparent  brightness  rapidly 
decreases,  and  it  ceases  to  be  visible  from  the  mere  faintness  of  its 
h'ght,  while  it  subtends  a  considerable  visual  angle. 

3090.  Enlargement  of  magnitude  on  dwarfing  from  the  sun, — 
It  will  doubtless  excite  surprise,  that  the  dimensions  of  a  comet 
should  be  enlarged  as  it  recedes  from  the  source  of  heat.  It  has 
been  often  observed  in  astronomical  inquiries,  that  the  eflects,  which 
at  first  view  seem  most  improbable,  are  nevertheless  those  which 
frequently  prove  to  be  true ;  and  so  it  is  in  this  case.  It  was  long 
believed  that  comets  enlarged  as  they  approached  the  sun ;  and  this 
supposed  efiect  was  naturally  and  probably  ascribed  to  the  heat  of  the 
sun  expanding  their  dimensions.  But  more  recent  and  exact  obser- 
vations have  shown  the  very  reverse  to  be  the  facts.  Comets 
increase  their  apparent  volume  as  they  recede  from  the  sun ;  and 
this  is  a  law  to  which  there  appears  to  be  no  well-ascertained  ex- 
ception. This  singular  and  unexpected  phenomenon  has  been 
attempted  to  be  accounted  for  in  several  ways.  Yalz  ascribed  it  to 
the  pressure  of  the  solar  atmosphere  acting  upon  the  comet ;  that 
atmosphere  being  more  dense  near  the  sun,  compresses  the  oomet 
and  diminishes  its  dimensions;  and,  at  a  greater  distance,  being 
relieved  from  this  coercion,  the  body  swells  to  its  natural  bulk.  A 
very  ingenious  train  of  reasoning  was  produced  in  support  of  this 
theory.  The  density  of  the  solar  atmosphere  and  the  elasticity  of 
the  comet  being  assumed  to  be  such  as  they  might  naturally  be  sup- 
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poeed,  the  Yariationa  of  the  comet's  bulk  are  dedaced  by  striot 
reasoniDg,  and  show  a  surprising  coiDcidenoe  with  the  observed 
change  ia  the  dimensions.  Bat  this  hypothesis  is  tainted  by  a  fatal 
error.  It  proceeds  upon  the  supposition  that  the  comet,  on  the  one 
hand,  is  formed  of  an  elastic  gas  or  vapour ;  and,  on  the  other,  that 
it  is  impervious  to  the  solar  atmosphere  through  which  it  moves. 
To  establish  the  theory,  it  would  be  necessary  to  suppose  that  the 
elastic  fluid  composing  the  comet  should  be  surrounded  by  a  nappe 
or  envelope  as  elastic  as  the  fluid  composing  the  comet,  and  yet 
wholly  impenetrable  by  the  solar  atmosphere. 

After  several  ingenious  hypotheses  *  having  been  proposed  and 
snccessively  rejected  for  explaining  this  phenomenon,  it  seems  now 
agreed  to  ascribe  it  to  the  action  of  the  varying  temperature  to 
which  the  vapour  which  composes  the  nebulous  envelope  is  exposed. 
As  the  comet  approaches  tiie  sun,  this  vapour  is  converted  by  in- 
tense heat  into  a  pure,  transparent,  and  therefore  invisible  elastio 
fluid.  As  it  recedes  from  the  sun,  the  temperature  decreasing,  it  is 
partially  and  gradually  condensed,  and  assumes  the  form  of  a  semi« 
transparent  visible  cloud,  as  steam  does  escaping  from  the  valve  of  a 
steam  boiler.  It  becomes  more  and  more  voluminous  as  the  distance 
from  the  source  of  heat,  and  therefore  the  extent  of  condensation,  ia 
augmented. 

8091.  Pro/e9sar  Siruve's  dratcings  of  Encke's  comet  —  Pro- 
fessor Struve  made  a  series  of  observations  on  the  comet  of  Enckoi 
at  the  period  of  its  re-appearance  in  1828,  and  by  the  aid  of  the 

feat  Dorpat  telescope,  made  the  drawings  given  in  PL  XlY.y  Jigs, 
and  2. 

IHg.  1  represents  the  comet  as  it  appeared  on  the  7th  November, 
the  cUameters  a  h  and  c  d  measuring  each  18^.  The  brightest  part 
of  the  comet  extended  from  a  to  x,  and  was  consequently  eccentric 
to  it,  the  distance  of  the  centre  of  brightness  from  the  centre  of 
magnitude  being  x  K.  Between  the  7th  and  the  80th  November, 
the  magnitude  of  the  comet  decreased  from  that  represented  in  fig.  1 
to  that  represented  in  fig,  2  ]  but  the  apparent  brightness  was  so 
much  increased,  that  at  the  latter  date  it  was  visible  to  the  naked 
eye  as  a  star  of  the  6th  magnitude.  The  apparent  diameter  was 
then  reduced  to  9'. 

On  November  7th  a  star  of  the  11th  magnitude  was  seen  through 
the  comet,  so  near  the  centre  x  of  brightness  that  it  was  for  a  mo- 
ment mistaken  for  a  nucleus.  The  brightness  of  the  star  was  not  in 
the  least  perceptible  degree  dimmed  by  the  mass  of  cometary  matter 
through  which  its  light  passed. 

It  was  evident  that  the  increase  of  the  brightness  of  the  comet 

•  For  several  of  these,  see  Sir  J.  Herschers  memoir,  Proceedings  of  As^ 
tronomical  Society,  vol.  vi  p.  104. 


626  ASTRONOMY. 

on  the  30ih  November,  mast  be  ascribed  to  the  contmctioii,  and 
consequent  condensation,  of  the  nebulous  matter  composing  it  in 
receding  from  the  sun,  for  its  distance  from  the  earth  on  the  7th 
November,  when  it  subtended  an  angle  of  18',  was  0-515  (the 
earth's  mean  distance  from  the  sun  being  =1);  while  ita  distance 
on  the  30th,  when  it  subtended  an  angle  of  9',  was  only  0-477.  Its 
cubical  dimensions  must,  therefore,  have  been  diminished,  and  the 
density  of  the  matter  composing  it  augmented  in  more  than  an  eight- 
fold proportion. 

8092.  Remarkable  physical  phenomena  mani/ested  by  HaUey^s 
comet. — The  expectation  so  generally  entertained,  that,  on  the  oc- 
casion of  its  return  to  perihelion  in  1835,  this  comet  wonld  mfford 
observers  occasion  for  obtaining  new  data,  for  the  foundation  of 
some  satisfactory  views  respecting  the  physical  constitution  of  the 
class  of  which  it  is  so  striking  an  example,  was  not  disappointed 
It  no  sooner  re-appeared  than  phenomena  began  to  be  manifested, 
preceding  and  accompanying  the  gradual  formation  of  the  tail,  the 
observation  of  which  has  been  most  justly  regarded  as  forming  a 
memorable  epoch  in  astronomical  history. 

'  Happily,  these  strange  and  important  appearances  were  observed 
with  the  greatest  zeal,  and  delineated  with  the  most  ekborate  and 
scrupulous  fidelity  by  several  eminent  astronomers  in  both  hemi- 
spheres. MM.  Bessel,  at  Konigsberg,  Schwabe,  at  Dessau,  and 
Strove,  at  Pultowa,  and  Sir  J.  Herschel  and  Mr.  Maclcar,  at  the 
Cape  of  Good  Hope,  have  severally  published  their  observations, 
accompanied  by  numerous  drawings,  exhibiting  the  successive  trans* 
formations  presented  under  the  physical  influence  of  varying  temper- 
ature, in  its  approach  to  and  departure  from  the  sun. 

The  comet  first  became  visible  as  a  small  round  nebula,  without 
a  tail,  and  haviifj^  a  bright  point  more  intensely  luminous  than  the 
rest  eccentrically  placed  within  it.  On  the  2d  October,  the  tail 
began  to  be  formed,  and,  increasing  rapidly,  acquired  a  length  of 
about  5^  on  the  5th ;  on  the  20th  it  attained  its  greatest  length, 
which  was  20*^.  It  began  after  that  day  to  decrease,  and  its  dimi- 
nution was  so  rapid,  that  on  the  29th  it  was  reduced  to  8^,  and  on 
the  5th  November,  to  2}^.  The  comet  was  observed  on  the  day 
of  its  perihelion  by  M.  Strove,  at  the  Observatory  of  Pultowa^  when 
no  tail  whatever  was  apparent. 

The  circumstances  which  accompanied  the  increase  of  the  tail 
from  2d  October,  until  its  disappearance,  were  extremely  remarka- 
ble, and  were  observed  with  scrupulous  precision,  simultaneously  by 
Bessel,  at  Konigsberg,  by  Struve,  at  Pultowa,  and  by  Schwabe,  at 
Dessau,  all  of  whom  made  drawings  from  time  to  time,  delineating 
the  successive  changes  which  it  underwent. 

On  the  2nd,  the  commencement  of  the  formation  of  the  tail  took 
place  by  the  appearance  of  a  violent  ejection  of  nebulous  matter 
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from  tbat  part  of  tbe  comet  wbich  was  presented  towards  the  sun. 
This  ejection  was,  however,  neither  uniform  nor  continuous.  Like 
the  fiery  matter  issuing  from  the  crater  of  a  yolcano,  it  was  thrown 
out  at  intervals.  After  the  ejectioo,  which  was  conspicuous,  accord- 
ing to  Bessel,  on  the  2nd,  it  ceased,  and  no  efflux  was  observed  for 
several  days.  About  the  8tb,  however,  it  recommenced  more  vio- 
lently than  before,  and  assumed  a  new  form.  At  this  time  Schwabe 
noticed  an  appearance  which  he  denominates  a  <<  second  tail/'  pre- 
sented in  a  direction  opposed  to  that  of  the  original  tail,  and,  there- 
fore, towards  the  sun.  This  appearance  seems,  however,  to  be 
regarded  by  Bessel  merely  as  the  renewed  ejection  of  nebulous 
matter  which  was  afterwards  turned  back  from  the  sun,  as  smoke 
would  be  by  a  current  of  air  blowing  from  the  sun  in  the  direction 
of  the  original  tail. 

From  the  8th  to  the  22nd,  the  form,  position,  and  brightness  of 
the  nebulous  emanations  underwent  various  and  irregular  changeSi 
the  last  alternately  increasing  and  decreasing. 

At  one  time  two,  at  another  three,  nebulous  emanations  were 
observed  to  issue  in  diverging  directions.  These  directions  were 
continually  varying,  as  well  as  their  oomparative  brightness.  Some- 
times they  would  assume  a  swallow-tailed  form,  resembling  the 
flame  issuing  from  a  fan  gas-burner.  The  principal  jet  or  tail  was 
also  observed  to  oscillate  on  the  one  side  and  the  other  of  a  line 
drawn  frx>m  the  sun  through  the  centre  of  the  head  of  the  comet| 
exactly  as  a  compass  needle  oscillates  between  the  one  and  the 
other  side  of  the  magnetic  meridian.  This  oscillation  was  so  rapidy 
that  the  direction  of  the  jets  was  visibly  changed  from  hour  to 
hour.  The  brightness  of  the  matter  composing  them,  being  most 
intense  at  the  point  at  which  it  seemed  to  be  ejected  at  the  nucleus, 
faded  away  as  it  expanded  into  the  coma,  curving  backwards,  in 
the  direction  of  the  principal  tail,  like  steam  or  smoke  before  the 
wind. 

3093.  Siruve's  dratoings  of  the  comet  approaching  the  sun  in 
1835. — These  curious  phenomena  will,  however,  be  more  clearly 
conceived  by  the  aid  of  the  admirable  drawings  of  M.  Struve,  which 
we  have  reproduced  with  all  practicable  fidelity,  in  Plates  XY., 
XVI.,  and  XVII.  These  drawings  were  executed  by  M.  Kruger, 
an  eminent  artist,  from  the  immediate  observation  of  the  appear- 
ances of  the  comet  with  the  great  Fraunhofier  telescope,  at  the 
Pultowa  Observatory.  The  sketches  of  the  artist  were  corrected  by 
the  astronomer,  and  only  adopted  definitively  after  repeated  compa- 
risons with  the  object.  The  original  drawings  are  preserved  in  the 
library  of  the  observatory. 

3094.  Its  appearance  29th  September,  —  Plate  XY.,Jig.  1,  re- 
presents the  appearance  of  the  comet  on  the  29th  September.  The 
tail  was  difficult  to  be  recognised,  appearing  to  be  composed  of  very 
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feeble  nebnloiu  matter.  The  nacleus  passed  almost  oentricany  OTer 
a  star  of  the  10th  magoitude,  without  in  the  slightest  degree  affect- 
ing its  apparent  brightness.  The  star  was  distinctly  seen  througli 
the  densest  part  of  the  comet  Another  transit  of  a  star  took  plM 
with  a  like  result. 

Annexed  is  the  soalci  according  to  which  this  drawing  has  been 
made. 
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8095.  Appearance  on  October  8. — This  is  represented  in^^.  2^ 
on  the  same  scale. 

The  comet  changed  not  only  its  magnitude  and  form^  but  abo  its 
position  since  September  29.  On  that  day  the  direction  of  the  tail 
was  that  of  the  parallel  of  declination  through  the  head.  On  Oc- 
tober 8,  it  was  inclined  from  that  parallel  towards  the  north  at  a 
small  angle,  and,  instead  of  being  straight,  was  curved.  The  dia- 
meter of  the  head  was  increased  in  the  ratio  of  2  to  3^  and  the 
length  of  the  tail  in  the  ratio  of  nearly  1  to  8. 

3096.  Appearance  on  October  8.  — Plate  XVI.  fff.  1.  This 
drawing  is  made  on  the  subjoined  scale  of  seconds. 
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On  the  5th,  6th,  and  7th,  the  oomet  underwent  several  changes; 
the  nucleus  became  more  conspicuous.  On  the  6th,  a  fiui*formed 
flame  issued  from  it,  which  disappeared  on  the  7th,  and  re-appeared 
on  the  8th  with  increased  splendour,  as  represented  in  the  figure. 
The  nucleus  appeared  like  a  burning  ooal,  of  oblong  form,  and  yel- 
lowish colour.  The  extent  of  the  flame-like  elongation  was  aboat 
30".  The  feeble  nebula  surrounding  the  nuclei  extended  much  be- 
yond the  limits  of  the  drawing,  but,  £nng  overpowered  by  the  moon- 
light, could  not  be  measured. 

8097.  Appearance  on  October  9.— Plate  XVI.  fig,  2,  same  scale, 
represents  the  nucleus  and  flame-like  emanation,  which  entirely 
changed  their  form  and  magnitude  since  the  preceding  night  The 
tail  (not  included  in  the  drawing)  measured  very  nearly  2^.  The 
flame  consisted  of  two  parts,  one  resembling  that  seen  on  the  8th, 
and  the  other  issuing  like  the  jet  from  a  blow-pipe  in  a  direction  at 
right  angles  to  it.  The  figure  represents  the  nucleus  and  flame  as 
they  appeared  at  21"*  sid.  time,  with  a  magnifying  power  of  254. 

3098.  Appearance  on  OcU)ber  10. — Plate  XVI.jf^.  3,  on  the 
same  scale.  The  tail,  which  still  measured  nearly  2^,  was  now 
much  brighter^  being  visible  to  the  naked  eye^  notwithstanding 
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strong  moonlight.  The  ooma  was  evidently  broader  than  the  tail. 
The  flaming  nucleus  is  represented  in  the  drawing  as  it  appeared 
under  a  magnifying  power  of  86,  with  a  field  of  18'  diameter,  the 
entire  of  which  was  filled  with  this  ooma.  The  diameter  of  the 
latter  must,  therefore,  have  been  more  than  18^  The  drawing  was 
taken  at  21  h.  s.  t. 

3099.  Appearance  on  October  12.  — Plate  XVI.  fg.  4,  on  the 
same  scale.  The  comet  appeared  at  0  h, — 25  m,  s.  t.,  for  a  short 
interval,  in  uncommon  splendour,  the  nucleus  and  flame,  however, 
alone  being  visible,  as  represented  in  the  drawing.  The  greatest 
extent  of  the  flame  measured  64"*7.  Its  appearance  was  most  beau- 
tiful, resembling  a  jet  streaming  out  from  the  nucleus  like  flame 
from  a  blow-pipe,  or  the  flame  from  the  discharge  of  a  mortar,  at- 
tended with  the  white  smoke  driven  before  the  wind. 

3100.  Appearance  on  October  14. — Plate  XYl.  Jig,  5,  on  the 
same  scale.  The  principal  flame  was  now  greatly  enlarged,  extend- 
ing to  the  apparent  length  of  134'^  Its  deflection  and  curved  form 
were  most  remarkable. 

3101.  Appearance  on  October  29.  — A  cloudy  sky  prevented  all 
cbservation  for  12  days.  On  the  27th,  the  comet  appeared  to  the 
naked  eye  as  bright  as  a  star  of  the  third  magnitude,  the  tail  being 
distinctly  visible.  The  coma  surrounding  the  nucleus  appeared  as 
a  aniform  nebula.  The  tail  was  curved,  and  of  great  length ;  but, 
owing  to  the  low  altitude  at  which  the  observation  was  taken,  it 
could  not  be  measured.  On  the  29th,  however,  the  comet  was  pre- 
sented under  much  more  fovourable  conditions,  and  the  drawings, 
Plate  XV.  Jiff.  3,  and  Plate  XVII.  Jiff,  1,  were  made.  The  former 
represents  the  entire  comet,  including  the  whole  visible  extent  of 
the  tail,  and  is  drawn  to  the  annexed  scale  of  minutes.     The  ktter 
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represents  the  head  of  the  comet  only,  and  is  drawn  to  the  annexed 
scale  of  seconds.  , 
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At  20^  30"-  s.  t.,  the  head  presented  the  appearance  represented  in 
Plate  XVII.  Jiff.  1.  The  chief  coma  was  almost  exactly  circular,  and 
had  a  diameter  of  165".  With  a  power  of  198,  the  nucleus  ap- 
peared as  in  the  figure,  the  diameter  being  about  1"*25  to  1*50. 
The  flame  issuing  from  the  nucleus,  curved  back  like  smoke  before 
the  wind,  was  very  conspicuous.  The  appearance  of  the  formation 
of  the  tail  as  it  issues  from  the  nucleus  was  remarkably  developed. 
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3102.  Appearance  on  November  6.  —  Plate  XVII.  /Ig.  2.    '  Thb 

drawing  represents  the  nucleus  and  flame  issulDg  from  it  on  the 
annexed  scale  of  seconds. 
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The  proper  nucleus  was  found  to  measure  about  2^*3.  Two 
flames  were  seen  issuing  from  it  in  nearly  opposite  directions,  and 
both  curved  towards  the  same  side.  The  brighter  flame,  directed 
towards  the  north,  was  marked  by  strongly  defined  edges.  The 
other,  directed  towards  the  south,  was  more  feeble  and  ill-defined. 

3103.  Sir  J.  HericlieVs  deductions  from  these  phenomena.  —  Sir 
J.  Herschel,  who  also  observed  this  comet  himself  at  the  Cape  of 
Good  Hopc;  makes  from  all  these  observations  the  following  in- 
ferences. 

1.  That  the  matter  of  the  comet  vaporised  by  the  sun's  heat 
escapes  in  jets,  throwing  the  comet  into  irregular  motion  by  its 
reaction,  and  thus  changing  its  own  direction  of  ejection. 

2.  That  this  ejection  takes  place  principally  from  the  part  pre- 
sented to  the  sun. 

3.  That  thus  ejected  it  encounters  a  resistance  from  some  un- 
known force  by  which  it  is  repulsed  in  the  opposite  direction^  and 
so  forms  the  tail. 

4.  That  this  acts  unequally  on  the  cometaiy  matter,  which  is  not 
all  vaporized,  and  of  that  which  is,  a  considerable  portion  b  retained 
HO  as  to  form  the  head  and  coma. 

5.  That  this  force  cannot  be  solar  gravitation,  being  contrary  to 
that  in  its  direction,  and  very  much  greater  in  its  intensity,  as  is 
manifest  by  the  enormous  velocity  with  which  the  matter  of  the 
tail  is  driven  from  the  sun. 

6.  That  the  matter  thus  repelled  to  a  distance  so  great  from  a 
body  whose  mass  is  so  small  must  to  a  great  extent  escape  from  the 
feeble  influence  of  the  gravitation  of  the  mass  composing  the  head 
and  coma,  and,  unless  there  be  some  more  active  agency  in  ope- 
ration, a  large  portion  of  such  vaporised  matter  must  be  lost  in 
space,  never  to  reunite  with  the  comet.  This  would  lead  to  the 
consequence,  that  at  every  passage  through  its  perihelion  the  comet 
would  lose  more  and  more  of  its  vaporisable  constituents,  on  which 
the  produoUon  of  the  coma  and  tail  depends,  so  that,  at  each  8uo> 
cessive  return,  the  dimensions  of  these  appendages  would  be  less 
and  less,  as  they  have  in  fact  been  found  to  be. 

8104.  Appearance  of  the  comet  after  perihelion.  —  On  receding 
from  the  sun  after  its  perihelion,  the  comet  was  observed  under  vezy 
favourable  circumstances  at  the  Cape  by  Sir  J.  Herschel  and  Mr. 
Madear     It  first  reappeared  there  on  the  S4th  of  January,  under 
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an  aspect  altogether  different  from  tbat  under  wLich  it  was  seen 
before  its  perihelien.  It  had  evidently,  as  Sir  J.  Herschel  thinks, 
undergone  some  great  physical  change,  which  had  operated  an  entire 
transformation  upon  it. 

"  Nothing  could  be  more  surprising  than  the  total  change  which 
had  taken  place  in  it  since  October.  ...  A  new  and  unexpected 
phenomenon  had  developed  itself,  quite  unique  in  the  history  of 
comets.  Within  the  well-defined  head,  somewhat  eccentrically 
placed,  was  a  vivid  nucleus  resembling  a  miniature  comet,  with  a 
bead  and  tail  of  its  own,  perfectly  distinct  from  and  considerably 
exceeding  in  intensity  the  nebulous  disk  or  envelope  which  I  have 
above  called  the  ^  head.'  A  minute  bright  point,  like  a  small  star, 
was  distinctly  perceived  within  it,  but  which  was  nev6r  quite  so  well 
defined  as  to  give  the  positive  assurance  of  the  existence  of  a  solid 
sphere,  much  less  could  any  phase  be  discovered.'"'' 

3105.  Observations  and  drawings  of  Messrs.  Maclear  and  Smith, 
The  phenomena  and  changes  which  the  comet  presented  from  its 
reappearance  on  the  24th  of  January,  until  its  final  disappearance, 
have  been  described  with  great  clearness  by  Mr.  Maclear,  and  illus- 
trated by  a  beautiful  series  of  drawings  by  that  astronomer  and  his 
assistant,  Mr.  Smith,  in  a  memoir  which  appeared  in  the  tenth 
Tolume  of  the  Transactions  of  the  Boyal  Astronomical  Society,  from 
which  we  reproduce  the  series  of  illustrations  given  on  Plates  XYIII. 
and  XIX. 

3106.  Appearance  on  January  24.  —  The  comet  appeared  as  in 
y?^.  1,  visible  to  the  naked  eye  as  a  star  of  the  second  magnitude. 
The  head  was  nearly  circular,  and  presented  a  pretty  well-defined 
planetary  disc,  encompassed  by  a  coma  or  halo  of  delicate  gossamer- 
like brightness.  The  diameter  of  the  head,  without  the  halo  or 
coma,  measured  131",  and  with  the  latter  492''. 

3107.  Appearance  on  January  25.  —  Fig.  2.  Circular  form 
broken,  and  magnitude  increased.  Three  stars  seen  through  the 
coma  and  one  through  the  head. 

3108.  Appearance  on  January  26.  —  Fig.  3.  Magnitude  again 
increased,  but  coma  diminished. 

3109.  Appearance  on  January  27.  —  Fig.  4.  Comet  began  to 
assume  the  parabolic  form,  and  increase  of  magnitude  continued. 

3110.  Appearance  on  January  28.  —  Fig.  6.  The  coma  or  halo 
quite  invisible,  but  the  nucleus  appeared  like  a  faint  small  star. 
The  magnitude  of  the  comet  continued  to  increase.  The  observer 
fancied  he  saw  the  faint  outline  of  a  tail. 

3111.  Appearance  on  January  30.  —  Fig.  6.  The  form  of  the 
comet  now  became  decidedly  parabolic.  The  breadth  across  the 
head  was  702'',  being  greater  than  on  the  24th  in  the  ratio  of  49  to 
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70,  or  7  to  10,  which  corresponds  to  an  increase  of  volume  in  the 
ratio  of  1  to  3,  supposing  the  form  to  remain  unchanged ;  but  it 
was  estimated  that  the  extension  in  length  gave  a  superficial  increase 
in  the  ratio  of  35  to  1,  which  would  correspond  to  a  much  greater 
augmentation  of  volume. 

3112.  Appearance  on  Fehruan/  1.  —  Fig.  7.  Further  increase 
of  magnitude,  the  form  remaining  the  same. 

3113.  Appearance  on  February  1.  —  Plate  XIX.  fig,  8.  The 
comet  was  on  this  night  rendered  faint  by  the  effect  of  moonlight. 

3114.  Appearance  on  February  10.  —  Fuj,  9.  Further  increase 
of  volume.     A  star  visible  through  the  bodj  of  the  comet. 

3115.  Appearance  on  February  16  and  23.  —  Figs,  10,  11. 
The  magnitude  went  on  increasing,  while  the  illumination  became 
more  and  more  faint,  and  this  continued  until  the  comet's  final  dis- 
appearance ;  the  outline,  after  a  short  time,  became  so  faint  as  to  be 
lost  in  the  surrounding  darkness,  leaving  a  bland  nebulous  blotch 
with  a  bright  centre  enveloping  the  nucleus. 

3116.  Number  of  comets.  —  According  to  Mr.  Hind,  the  number 
of  comets  which  have  appeared  since  the  birth  of  Christ  in  each  suc- 
cessive century  is  as  follows:  I.,  22;  II.,  23;  III.,  44;  IV.,  27: 
v.,  16;  VL,25;  VII.,  22;  VIII.,  16;  IX.,  42;  X.,  26;  XL, 
36;  XIL,  26;  XIIL,  26;  XIV.,  29;  XV.,  27;  XVI.,  31; 
XVII.,  25;  XVIIL,  64;  XIX.  (first  half),  80.     Total,  607. 

3117.  Duration  ojf^the  appearance  of  comets.  —  Since  comets  are 
visible  only  near  their  perihelia,  when  thieir  velocity  is  greatest, 
the  duration  of  their  visibility  at  any  single  perihelion  passage  is 
generally  short.  The  longest  appearance  on  record  is  that  of  the 
great  comet  of  1811  (No.  8,  Table  VI),  which  continued  to  bo 
visible  for  510  days.  The  comet  of  1825  (No.  II.,  Table  VI.)  was 
visible  for  twelve  months,  and  others  which  appeared  since  have 
been  seen  for  eight  months.  In  general,  however,  these  bodies  'lo 
not  continue  to  be  seen  for  more  than  two  or  three  months. 

3118.  Near  approach  of  comets  to  the  earth.  —  Considering  the 
vast  numbers  of  comets  which  have  passed  through  the  system, 
such  an  incident  as  the  collision  of  one  of  them  with  a  planet  might 
seem  no  very  improbable  contingency.  Lexell's  comet  was  supposed 
to  have  passed  among  the  satellites  of  Jupiter;  and,  if  that  was  the 
case,  it  is  certain  that  the  motions  of  these  bodies  were  not  in  the 
least  affected  by  it.  The  nearest  approach  to  the  earth  ever  made 
by  a  comet  was  that  of  the  comet  of  1684  (No.  65,  Table  VIII.), 
which  came  within  216  semi-diameters  of  the  earth,  a  distance  not 
BO  much  as  four  times  that  of  the  moon.  We  are  not  aware  of  any 
nearer  approach  than  this  being  certainly  ascertained. 
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CHAP.  XIX. 

THXOBT  OF   VARIABLE  ORBITS. 

3119.  Conditions  under  tchtch  elliptic  orbits  are  described.  ^^ 
If  any  namber  of  bodies  P,  P^,  p'',  &c.,  movlDg  with  any  yelocitiea 
in  any  directions  whatever,  be  exposed  to  the  influence  of  the  at- 
traction of  a  central  body  s,  in  a  fixed  position,  such  attraction 
varying  in  its  intensity  inversely  as  the  square  of  the  distance  of  the 
attracted  body  from  s ;  and  if  at  the  same  time  the  several  bodies 
p,  p',  p^',  &c.,  exert  no  attraction  upon  each  other  or  upon  the  central 
body  s;  these  bodies  P,  p',  p",  &c.,  will  each  of  them  revolve  in  an 
ellipse  of  which  the  centre  uf  the  attracting  body  s  is  the  focus.  Each 
of  these  elliptic  orbits  will  be  invariable  in  form,  magnitude,  and  po- 
sition, and  so  long  as  such  a  system  would  be  exposed  to  the  influence 
of  no  other  force  than  the  central  attraction  of  s,  each  of  the  bodies 
p,  p^,  p^,  &c.,  would  continue  to  revolve  round  8  in  the  same  inva- 
riable orbit. 

The  general  proposition  here  enunciated  was  demonstrated 
by  Newton  in  the  first  book  of  his  celebrated  work  entitled  the 
Principia. 

8120.  Forces  other  than  the  centred  attraction  woidd  destroy  the 
elliptic  form,  —  If,  however,  the  bodies  composing  such  a  system 
were  exposed  to  the  influence  of  any  other  attraction,  whether  pro- 
ceeding from  each  other  or  from  any  cause  exterior  to  and  inde- 
pendent of  the  system,  the  motions  of  P,  p^,  p^,  &c.,  would  no  longer 
take  place  in  such  elliptic  orbits.  Their  paths  would,  in  that  case, 
depend  on  the  directions,  intensities,  and  law  of  variation  of  those 
other  attractions,  whether  internal  or  external,  to  the  operation  of 
which  they  are  exposed.  If  such  forces  have  intensities  which  bear 
any  considerable  proportion  to  the  intensity  of  the  central  attraction 
exercised  by  8,  the  elliptic  form  impressed  on  the  orbits  by  the  latter 
would  be  flitogether  effaced,  and  the  bodies  p,  p',  p'',  &c.,  would  be 
thrown  into  new  and  wholly  different  paths,  the  problem  to  deter- 
mine which  would  be  one  of  the  greatest  physical  complexity  and 
mathematical  difficulty. 

3121.  BiU  when  tJiese  forces  are  feeble  compared  tcith  the  central 
attraction,  the  elliptic  form  is  only  slightly  affected,  —  But  if  the 
forces,  whether  internal  or  external,  to  the  operation  of  which  the 
system  is  exposed,  have  intensities  incomparably  more  feeble  thau 
the  central  attraction  exercised  by  s  upon  P,  P^,  p",  &o.,  then,  as 
may  be  readily  conceived,  the  influence  of  s  in  imparting  the  elliptic 
form  to  the  paths  of  P^  p',  p'',  &c.,  around  it,  will  still  in  the  main 
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prevail.  These  paths  will  not,  in  strictness,  be  ellipses,  bat,  owing 
to  the  comparatiyely  small  effect  of  the  disturbing  forces,  they  will 
deviate  from  the  elliptic  form,  which  in  the  absence  of  such  forces 
they  would  rigorously  assume,  in  a  degree  so  slight  as  to  be  only 
perceptible  when  the  most  exact  methods  of  observation  and  mea- 
surement are  brought  to  bear  upon  them,  and  in  many  caj»s  not 
even  then  until  the  effects  of  such  feeble  forces  have  been  aUowed 
to  accumulate  during  a  long  succession  of  revolutions. 

3122.  This  is  the  case  in  the  si/stem  of  the  Universe.  —  Now  it 
happens  that  the  Great  Architect  of  the  Universe  has  so  constructed 
it,  that  in  all  cases  whatever,  without  a  single  known  exception,  the 
forces  which  are  independent  of  the  central  attraction  s,  whether 
they  be  those  which  arise  between  the  bodies  composing  the  systems, 
or  whether  they  proceed  from  causes  exterior  to  and  independent  of 
them,  are  under  the  conditions  last  mentioned.  In  no  case  do  their 
intensities  exceed  very  small  fractions,  such  as  an  hundredth,  and 
more  generally  not  a  thousandth,  of  the  central  attraction.  Hence 
it  is  that  the  ellipticity  of  the  orbits  is  so  preserved,  their  magni- 
tudes so  maintained,  and  their  positions  so  little  variable,  that  in  all 
cases  the  most  exact  means  of  observation,  and  in  general  long 
periods  of  time,  are  necessary  to  discover  and  measure  the  changes 
produced  upon  them. 

3123.  Hence  proceed  great  facilities  of  investigation  and  ca/ru- 
iation. — Hence  arise  consequences  of  vast  importance  in  the  develop- 
ment of  the  laws  of  nature  and  the  progress  of  phvsical  knowled^ 
The  problem  presented  by  a  system  subject  only  to  such  feeble 
interferences  with  the  influence  of  the  central  attraction,  is  inoompa- 
rably  more  simple  and  ^sasy  of  solution  than  would  be  that  of  a 
system  in  which  interfering  attractions  of  much  greater  relative 
intensity  might  prevail.  Methods  of  investigation  and  calculation, 
as  well  as  modes  of  observation,  are  applicable  in  the  one  case,  which 
would  be  altogether  inadmissible  in  the  other ;  and  results  are  ob- 
tained and  laws  developed  which  would,  under  the  more  complicated 
conditions  of  the  other  problem,  be  utterly  unattainable. 

3124.  PerturbcUions  and  disturbing  forces.  ^^The  central  attrac- 
tion, therefore,  being  in  all  oases  regarded  as  the  chief  presiding 
physical  power  by  which  the  system  is  held  together,  and  by  which 
its  motions  in  the  main  are  regulated,  the  orbits  of  the  revolving 
bodies  P,  p',  p'',  &c.,  are  first  calculated  as  if  they  depended  solely 
upon  the  central  attraction  of  s.  This  gives  a  first,  but  very  close, 
approximation  to  them.  The  forces  by  which  they  are  affected, 
independent  of  the  central  attraction  of  s,  are  then  severally  taken 
into  account,  and  the  deviations,  minute  as  they  always  are,  from 
the  elliptic  paths  first  determined,  are  exactly  calculated.  These 
deviations  are  called  disturbances  or  pbrturbationb  :  uid  the 
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forces  which  produce  ihem  are  called  disturbing  or  pbrturbinq 

FORCES. 

3125.  Method  of  variahle  elements. — The  instantaneous  ellipse. 
— ^Let  a  body  p  be  supposed  to  rerolye  in  a  certain  orbit,  subject  to 
the  central  attraction  F  of  a  certain  mass  8^  and  at  the  same  time  to 
a  disturbing  force  D  much  more  feeble  than  7  in  its  intensity. 
There  are  two  ways  in  which  the  problem  to  determine  the  exact 
path  of  P  may  be  approached.  Ist.  The  body  p  may  be  regarded 
as  under  the  influence  of  two  forces  F  and  D,  of  given  intensities  and 
directions ;  and  its  actual  path  may  be  investigated  by  the  prin- 
ciples of  mathematical  and  physical  analysis.  This  path  would,  in 
every  case  presented  in  nature,  be  a  very  complicated  curve  of  no 
regular  form,  although  in  its  general  shape  and  outline  it  would 
differ  very  little  from  an  ellipse  having  its  focus  at  s.  2ndly.  In- 
stead of  attempting  to  determine  the  exact  geometrical  character  of 
this  complicated  curve,  the  body  p  may  be  regarded  as  revolving 
round  s  in  an  ellipse,  the  form,  position,  and  magnitude  of  which 
are  subject  to  a  slow  and  continuous  variation.  To  comprehend 
this  method  of  considering  the  motion  of  P,  let  the  disturbing  force 
D  be  imagined  to  be  suspended  at  any  proposed  point  of  p's  path. 
From  the  moment  of  such  suspension,  p  would  move  in  an  exact 
and  invariable  ellipse,  having  8  as  its  focus.  The  form,  position, 
and  magnitude  of  this  ellipse,  or,  what  is  the  same,  its  dements^ 
that  is,  its  major  axis,  eccentricity,  longitude  of  perihelion,  inclina- 
tion,  and  longitude  of  node,  would  be  exactly  deducible  from  p's  dis- 
tance from  s  at  the  moment  of  suspension  of  the  disturbing  force, 
its  velocity,  and  the  direction  of  its  motion.  The  problem  of  its 
determination  in  such  case  would  have  nothing  indeterminate. 
One,  and  but  one,  ellipse,  could,  under  such  conditions,  be  described. 
If  the  disturbing  force  D  be  imagined  to  be  suspended  at  another 
moment  and  at  a  different  point  in  the  path  of  p,  another  and  a  diffe- 
rent ellipse  would  be  in  the  same  manner  described  by  P  after  such 
suspension.  If  the  interval  between  the  two  moments  of  such  sup- 
posed suspension  be  not  considerable,  as,  for  example,  when  they 
occur  at  different  parts  of  a  single  revolution  of  P  round  8,  the  two 
ellipses  will  not  in  general  have  any  appreciable  difference  in  any 
of  their  elements,  from  which  it  follows,  that  when  a  single  or  even 
several  revolutions  of  P  round  8  are  only  considered,  the  path  of  P 
may  in  general  be  regarded  as  an  ellipse  of  fixed  position  and  inva- 
riable form  and  magnitude,  such  as  P  would  describe  independently 
of  the  influence  of  d.  But  if  the  interval  between  the  two  momenta 
of  supposed  suspension  be  very  great,  as,  for  example,  when  it 
extends  to  a  long  series  of  revolutions  of  P  round  s,  then  the  dis- 
turbing effects  of  D,  having  accumulated  from  revolution  to  revo- 
lution, will  become  very  sensible  and  measurable,  and  the  two 
ellipses  may  differ  one  from  the  other  in  any  or  all  of  their  elements, 
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and  to  an  extent  more  or  less  considerable  according  to  the  intenatj 
and  direction  of  the  disturbing  force  D. 

The  ellipse  in  which  p  would  thus  move,  if  at  any  point  of  its 
path  the  action  of  the  disturbing  force  were  thus  suspended,  is  called 

the  **  INSTANTANEOUS  ELLIPSE." 

According  to  this  second  method  of  viewing  the  effects  of  disturb- 
ing forces,  therefore;  the  body  P,  which  is  subject  to  their  action,  is 
regarded  as  moving  in  an  elliptic  orbit  of  which  s  is  the  focus ;  but 
this  orbit  is  supposed  from  moment  to  moment  to  change  its  posi- 
tion, form,  and  magnitude  in  a  certain  minute  degree.  The  pertur- 
bation being  thus,  as  it  were,  transferred  from  the  body  p  to  the 
orbit  which  it  describes,  the  body  being  supposed  to  move  as  a  bead 
would  ^lide  on  a  fine  wire,  while  the  wire  itself,  being  flexible,  wonld 
bend  into  various  forms,  the  bead  still  moving  along  it,  the  method 
has  been  denominated  as  that  of  '^  variable  elements." 

This  is  the  method  of  considering  the  effects  of  disturbing  forces 
which  was  adopted  by  Newton,  under  the  title  of  moveable  orbits, 
and  is  still  generally  adopted  as  the  most  simple,  clear,  and  con- 
venient means  of  investigating  and  explaining  the  phenomena  of 
perturbations. 

3126.  Feebleness  of  the  disturbing  forces  in  the  cases  presented 
in  the  solar  system  explained. — In  the  cases  which  are  presented  in 
the  actual  system  of  the  world,  the  extremely  feeble  intensities  of 
the  disturbing  forces,  compared  with  those  of  the  central  attractions, 
arise  in  some  cases  from  the  vastnesa  of  the  masses  of  the  central 
compared  with  those  of  the  disturbing  bodies;  in  others,  from  the 
smallness  of  the  distance  of  the  central  compared  with  that  of  the 
disturbing  from  the  body  which  is  attracted  and  disturbed;  and,  in 
some  cases,  from  the  combination  of  both  these  causes. 

Thus,  when  a  planet  attracted  by  the  sun  is  disturbed  by  the 
attraction  of  another  planet,  the  enormous  preponderance  of  the 
mass  of  the  sun,  which  is  more  than  a  thousand  times  greater  than 
the  larger,  and  hundreds  of  thousands  of  times  greater  than  the 
smaller  planets,  gives  to  the  effects  of  its  attraction  a  predomi- 
nance which  could  only  be  compensated  by  a  greater  degree  of 
proximity  of  the  disturbing  to  the  disturbed  planet  than  is  con- 
sistent with  the  wise  conditions  under  which  the  solar  system 
is  placed.  The  differences  between  the  mean  distances  of  the 
planets,  taken  in  succession  from  Mercury  outwards,  are  so  great, 
and  the  eccentricities  of  their  several  orbits  so  small,  that  in  no 
possible  position,  not  even  when  they  are  in  heliocentric  con- 
junction (2986),  with  one  in  aphelion,  and  the  other  in  perihelion, 
can  they  approach  each  other  so  as  to  give  to  the  disturbing 
force  exerted  by  any  one  upon  any  other  an  intensity  amount- 
ing to  more  than  a  very  minute  fraction  of  the  central  attraction. 

This  will  be  rendered  quite  apparent  hereafter,  and  we  shall 
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assame  It  provisionally  for  the  present  in  onr  exposition  of  the 
general  effects  of  the  disturbing  forces  which  prevail  among  the 
bodies  of  the  system ;  premising,  however,  that  other  conditions 
besides  the  consideration  of  relative  masses  and  proximity  will  be 
necessary  for  the  exact  estimation  of  the  effects  of  the  disturbing 
forces. 

3127.  Order  of  exposition, — In  the  present  chapter  we  shall 
then  explain  generally,  witnont  reference  to  any  particular  disturb- 
ing or  disturbed  body,  the  effects  produced  by  disturbing  forces  upon 
the  elements  of  the  orbit  of  the  disturbed  body ;  and  in  the  succeed- 
ing chapters  we  shall  show  the  application  of  the  general  principles 
thus  established  to  the  most  important  cases  of  perturbation  pre- 
sented in  the  solar  system. 

3128.  Resolution  of  the  disturbing  force  into  rectangular  compo- 
nents. —  From  whatever  cause  the  disturbing  force  may  arise,  it  can 
always  be  resolved  into  three  components,  each  of  which  is  at  riglTt 
angles  to  the  other  two;  and  its  effects  may  be  investigated  by 
ascertaining  the  separate  effects  of  each  of  these  components,  and 
then  combining  the  results  thus  obtained. 

The  resolution  of  any  force  into  three  rectangular  components 
parallel  to  three  lines  or  axis,  arbitrarily  chosen,  Is  a  process  of 
great  utility  in  mathematical  physics,  and  one  which  is  based  upon 
the  general  principles  of  the  composition  and  resolution  of  force, 
formerly  so  fully  explained  and  illustrated  (144)  et  seq. 

To  render  this  more  clearly  intelligible,  let 
p,^.  822,  be  the  position  of  the  disturbed 
body  at  any  proposed  time,  and  let  the  direc- 
tion of  the  disturbing  force  D  be  P  R,  its  inten- 
sity being  such  that,  if  no  other  force  acted 
on  p,  it  would  cause  that  body  to  move  over 
P  R  in  the  unit  of  time.  Let  p  z,  P  x,  and 
p  T  be  the  three  axes  at  right  angles  to  each 
other,  taken  at  pleasure  in  any  directions 
along  which  the  disturbing  force  p  is  to  be 
resolved.  Suppose  three  lines,  rr',  rr", 
and  rr'",  drawn  from  R  parallel  to  these 
three  axes,  pz,  PT,  and  px,  so  as  to  form 
the  rectangular,  die-shaped  solid,  called  a 
parallelepiped,  represented  in  the  figure. 
Now,  by  the  principles  of  elementary  geometry,  it  appears  that  r  r' 
p  /  is  a  rectangle,  of  which  P  R  is  the  diagonal.  It  follows,  there- 
fore (154),  that  the  disturbing  force  D,  represented  by  PR,  is  equiva- 
lent to  two  forces  represented  by  P  r'  and  P  /.  But  p  /"  r^  /'  being 
also  a  rectangle,  the  component  p/  is  equivalent  to  two  components 
represented  by  p  r"  and  p  r"',  directed  along  the  axes  p  x  and  p  y 
respectively. 


Fig.  822. 
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•  Tlius  it  appears  that  the  disttirbing  force  D,  represented  by  p  s, 
is  resolved  into  three  components,  represented  by  pr'  directed 
along  PZ,  Pr"  directed  along  px,  and  Pr"'  directed  along  pt  re- 
spectively. If  the  angles  at  which  the  direction  p  R  of  the  distorb- 
ing  force  is  inclined  to  the  three  axes  P  x,  p  y,  and  p  z  be  known,  it 
is  easy  to  obtain  arithmetical  expressions  for  these  three  components 
of  it. 

Let  the  angles  R  p  x,  R  p  Y,  and  R  p  z,  at  which  p  R  is  inclined  to 
the  axes  PX,  py,  and  PZ  respectively,  be  expressed  by  a,  <3,  and  y; 
and  let  the  three  components  p  /',  p  r"',  and  p  r'  be  expressed  by 
X,  Y,  and  z  respectively.  Since  the  angles  p  /'  r,  p  r'"  b,  and 
p  r'  R  are  each  90"^,  it  will  follow  that 

X  =  cos.  o  X  D,  y  =  cos.  0  X   D,  Z  =  cos.  y  XD; 

and  since  by  the  figure  we  have 

P  R*  =  P  r'"  +  R  r",  R  r"  =  r'  R"»  +  R  R"*, 

pr*  =  pr'*+r'r"«  +  rr"«, 
we  shall  have 

D^  =  x»  +  y«  4-  z«.   . 

Each  of  the  components  is,  therefore,  found  by  multiplying  ifae  dis- 
turbing force  by  the  cosine  of  the  angle  which  its  direction  forms 
with  the  axis  upon  which  the  component  is^  taken,  and  the  sum  of 
the  squares  of  the  three  components  is  equal  to  the  square  of  the 
disturbing  force. 

Such  is  the  principle,  in  its  most  general  expression,  by  which 
the  resolution  of  the  disturbing  force  is  effected ;  and  if  the  effect 
of  each  of  the  three  components  upon  the  orbit  of  p  be  separately 
ascertained,  and  the  like  process  be  applied  to  every  disturbing  force 
by  which  P  is  affected,  the  actual  changes  produced  in  the  orbit  will 
be  determined. 

3129.  Resolution  of  the  dhtvrhing  force  with  relation  to  the 
radius  ve^itor  and.  the  plane  of  the  orbit  —  But  for  the  purposes  of 
elementary  exposition,  it  is  found  convenient  to  give  to  the  axes  P  x, 
p  Y,  and  P  z,  in  the  directions  of  which  the  components  have  as- 
sumed a  position  having  immediate  relation  to  the  plane  of  p's 
orbit,  and  to  the  position  of  p  in  its  orbit.  Since  the  directions  of 
these  axes  are  altogether  arbitrary,  being  restrained  by  no  other  con- 
ditions than  that  of  being  mutually  perpendicular,  it  is  always  pos- 
sible to  take  one  of  them,  p  z  for  example,  perpendicular  to  the 
plane  of  p's  orbit,  and  in  that  case  the  plane  of  the  other  two^  p  x 
and  P  Y,  will  coincide  with  that  of  p's  orbit. 

But  when  this  is  done,  the  directions  of  P  x  and  p  Y  in  that  plane 
are  still  arbitrary ;  and  it  has  been  found  convenient  to  assign  to 
one  of  them  the  direction  either  of  the  radius  vector  from  p  to  the 
central  body  s,  or  of  the  tangent  to  p's  orbit  drawn  through  p'g 
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place  at  the  moment  the  distorbiDg  force  is  sapposed  to  act,  such 
tangent  being  in  effect  the  direction  of  p's  motion  at  that  moment. 

If  one  of  the  axes,  P  T,  for  example,  be  taken  in  the  direction  of 
the  radiufl  vector,  the  other  will  necessarily  be  that  of  a  line  drawn 
through  P  in  the  plane  of  the  orbit  perpendicular  to  the  radius 
vector. 

If  one  of  the  axes,  p  x,  for  example,  be  taken  in  the  direction 
of  the  tangent,  the  other  will  necessarily  be  that  of  the  normal 
to  the  orbit,  at  the  point  at  which  the  disturbing  force  is  supposed 
to  act. 

3130.  Orthogonal  component.  —  In  referring  to  these  several 
methods  of  resolving  the  disturbing  force,  it  will  conduce  to  brevity 
aod  clearness  to  give  the  several  components  distinct  designations 
indicative  of  the  directions  which  they  have  in  relation  to  the  plane 
of  the  orbit,  and  to  the  position  of  the  disturbed  body  in  its  orbit 
For  this  purpose  we  shall  adopt  the  designations  which  have  been 
already  proposed  for  them  by  elementary  writers. 

The  component  which  is  perpendicular  to  the  plane  of  the  orbit 
of  the  disturbed  body  will  then  be  distinguished  as  the  orthogonal 
COMPONENT  of  the  disturbing  force. 

3131.  Radial  and  transversal  components. — If  the  other  two 
components  be  taken  in  the  directions  of  the  radius  vector,  and  of  a 
line  in  the  plane  of  the  orbit  at  right  angles  to  it,  we  shall  call  the 
former  the  radial  and  the  latter  the  transversal  component. 

3132.  Tangential  and  normal  components.  —  If  the  other  two 
components  be  taken  in  the  directions  of  the  tangent  and  normal 
of  the  orbit,  we  shall  call  the  former  the  tangential  and  the  latter 

the  NORMAL  component. 

3133.  Orthogonal  component  affects  the  inclination  and  the 
nodes.  —  It  is  evident  that  of  these  components  the  orthogonal  alone 
can  have  any  disturbing  effect  upon  the  plane  of  p's  orbit.  The  other 
components  being  all  in  that  plane,  can  have  no  tendency  to  move 
the  disturbed  body  P  into  any  other  plane.  The  orthogonal  com- 
ponent, however,  being  at  right  angles  to  the  plane  in  which  p  is 
moving,  must  have  a  direct  tendency  to  carry  p  out  of  that  plane, 
on  the  one  side  or  the  other,  according  to  the  direction  in  which  it 
acts. 

This  component  therefore,  and  this  alone,  affects  the  inclination 
of  p's  orbit,  and  the  longitude  of  its  node.  The  kind  of  effect  it 
produces  on  these  elements  will  be  explained  hereafter. 

3134.  Radial  and  transversal  components  affect  the  central  at' 
traction  and  angular  motion,  —  To  explain  in  general  the  effect 
produced  on  p's  motion  by  the  radial  and  transversal  components  of 
the  disturbing  force,  let  p  c,  Jig.  823,  be  the  radial,  and  P  a  the 
transversal  component,  the  diagonal  p  r  being  therefore  the  part  of 
the  disturbing  force  which  acts  in  the  plane  of  p's  orbit 
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Pig.  823. 

It  is  evident  that  the  radial  component  P  c,  as  here  represented, 
will  have  the  effect  of  augmenting  the  attraction  bj  which  p  is 
drawn  towards  s,  and  that  the  transversal  component  p  a,  being  at 
right  angles  to  the  radius  vector,  will  have  a  tendency  to  increase 
the  angular  velocity  of  P  round  8,  since  this  angular  velocity  is 
measured  by  the  motion  of  P;  at  right  angles  to  p  s^  the  radlas  P  s 
being  supposed  to  be  given. 

These  components,  however,  may  be  otherwise  directed  ia  rela- 
tion to  the  radius  vector.  If,  for  example,  the  element  of  the  dis* 
turbing  force  which  acts  in  the  plane  of  p's  orbit  have  the  direction 
P  /,  its  radial  component  will  be  P  c/,  and  its  transversal  P  d.  The 
former,  acting  directly  against  s's  attraction  on  P,  would  have  a  ten- 
dency to  diminish  that  attraction ;  and  the  latter,  being  contrary  to 
the  direction  of  p's  motion,  would  have  a  tendency  to  diminish  its 
angular  velocity.  The  two  components  therefore,  in  this  case,  would 
produce  effects  on  p  directly  the  reverse  of  those  produced  in  the 
former  case. 

If  the  element  of  the  disturbing  force  have  the  direction  p  r^', 
the  radial  component  p  c  will  tend  to  augment  the  central  attrac- 
tion, and  the  transversal  p  a'  to  diminish  the  angular  velocity. 

If,  in  fine,  the  disturbing  element  have  ■  the  direction  p  r'", 
the  radial  component  p  </  will  tend  to  diminish  the  central  attrac- 
tion, and  the  transversal  p  a  to  augment  the  angular  velocity. 

3135.  Tangential  and  normal  components  affect  the  linear 
velocity  and  curvature,  —  The  effects  of  the  tangential  and  nor- 
mal components  are  subject  to  the  same  varieties.  It  may  be 
shown,  that  if  a  rectangle  p  t;  r  c,  fig.  824,  be  drawn,  of  which 
the  disturbing  element  p  r  is  the  diagonal,  the  element  p  r  may 
be  replaced  by  the  two  sub-components,  Pv  in  the  direction  of 
the  tangent,  and  P  c  in  the  direction  of  the  normal. 

These  are  subject  to  the  same  variety  of  conditions,  with  refe- 
rence to  the  direction  of  the  central  attraction;  and  the  direction 
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Fig.  824. 

of  the  motion  of  P,  as  have  been  explained  in  relation  to  the 
radial  and  transyersal  sub-components^  and  which  will  be  easily 
comprehended  bj  the^.  824. 

8136.  Pbiitive  and  negative  components,  —  It  will  conduce  at 
once  to  brevity  and  clearness  to  distinguish  each  of  the  com- 
ponents of  the  disturbing  force  accordiug  to  its  direction,  with 
reference  to  the  motion  of  the  disturbed  body,  the  direction  of 
the  central  attraction,  and  the  plane  of  the  disturbed  orbit.  We 
shall  therefore  consider  the  transversal  or  tangential  component 
as  positive  or  +  when  it  acts  in  the  direction  of  p's  motion, 
and  therefore  tends  to  accelerate  it;  and  negative  or  —  when 
it  acts  in  the  contrary  direction,  and  therefore  tends  to  retard  it. 
We  shall  in  like  manner  consider  the  radial  or  normal  compo- 
nent as  positive  or  +  when  it  acts  towards  the  concave  side  of 
p's  orbit,  and  therefore  tends  to  augment  the  central  attraction, 
and  negative  or  — •  when  it  has  the  contrary  direction,  and  tends 
to  diminish  the  central  attraction.  In  fine,  we  shall  consider  the 
orthogonal  component  positive  or  +  when  it  is  directed  towards 
the  plane  which  is  adopted  as  the  plane  of  reference,  and  nega- 
tive or  —  when  it  is  directed  from  that  plane. 

8137.  In  dtghdy  eUiptic  orbits,  the  normal  and  radial  com- 
ponents, and  the  tangential  and  transversal,  coincide.  —  It  is 
evident  that  when  the  elliptic  orbit  is  but  slightly  eocentric,  and 
therefore  very  nearly  circular,  the  radial  and  normal  components 
are  very  nearly  identical  in  their  direction;  and,  in  like  man- 
ner, the  transversal  and  tangential  components  are  nearly  coinci- 
dent. As  this  is  the  case  with  all  the  orbits  to  be  considered 
in  this  chapter,  we  shall,  without  again  recurring  to  this  point, 
consider  these  components  as  practically  identical. 

We  shall  then  explain,  in  the  first  instanpe,  without  special 
reference  to  any  particular  disturbing  body,  the  effects  which  are 
produced  upon   the  orbit  of  P,   Ist,   by  the  radial  component; 

lu.  46 


542  ASTRONOMY. 

2Ddly,  by  the  transversal  component;  and   Srdlj^  by  the  ortbo- 
gonal  component  of  any  disturbing  force  whatever. 

I.   EFFECTS  OF  THE  RADIAL  COMPONENT  OF  THE  DISTURBING 

FORCE. 

3138.  Equable  description  of  areas  not  disturbed  b^  it. — The 
equable  description  of  areas  round  the  centre  being  independent  of 
the  law  of  central  attraction,  and  involving  no  other  condition, 
except  that  the  revolving  body  should  be  affected  by  no  forces  except 
such  as  have  directions  passing  through  the  fixed  centre  (2599),  it 
will  not  be  affected  by  the  radial  component;  the  direction  of  which 
necessarily  passes  through  that  point. 

3139.  Its  effect  on  the  mean  distance  and  period.  —  If  M  express 
the  central  mass,  a  the  mean  distance,  and  P  the  period  proper  to 
the  instantaneous  ellipse,  we  shall  have,  according  to  what  has  been 

a' 
proved  (2634),  M  =  -j.  Now  the  radial  component  either  aug- 
ments or  diminishes  the  central  attraction,  according  as  it  is  po^tive 
or  negative.  This  is  equivalent  to  a  momentary  increase  or  dimi- 
nution of  the  central  mass  M,  which  would  be  attended  bj  a  cor- 
responding increase  or  diminution  of  ^ ;  that  is,  of  the  ratio  of  the 

cube  of  the  mean  distance  to  the  square  of  the  periodic  time  in  the 
instantaneous  ellipse. 

8140.  If  the  radial  component  vary  according  to  any  conditions 
which  depend  solely  on  the  distance^  it  will  not  change  the  form  or 
magnitude  of  the  instantaneous  ellipse.  —  It  has  been  established  as 
a  principle  of  high  generality  by  mathematicians,  that  if  the  vari- 
ation of  the  central  force  depend  only  on  the  distance  of  the  revolving 
body  from  the  centre  of  attraction,  the  orbital  velocity  of  the  body, 
or  the  space  it  moves  through  in  the  unit  of  time,  will  also  depend 
solely  on  the  distance.  Now,  from  this,  combined  with  the  general 
principle  of  equable  areas,  it  may  be  inferred  that,  under  such  con- 
ditions, the  apsides  of  the  instantaneous  ellipse  will  be  always  at  the 
same  distances  from  the  centre  of  attraction.  For  the  apsides  mast 
be  always  at  those  particular  distances,  and  no  other,  at  which  the 
velocity  (which  by  the  supposition  depends  on  the  distance)  mul 
tiplied  by  the  distance  is  equal  to  twice  the  area  which  the  revolving 
body  describes  in  the  unit  of  time,  that  being  necessarily  the  case  by 
the  common  principles  of  elementary  geometry  when  the  direction 
of  the  motion  is  at  right  angles  to  the  radius  vector.  This  will 
therefore  always  give  the  same  values  for  the  radii  vectores  which 
are  at  right  angles  to  the  tangent,  or  what  is  the  same,  to  the  dis- 
tances of  the  apsides  of  the  iustantaneous  ellipse  from  the  focus. 

But  it  is  clear  that,  if  the  distance  d'  d"  of  the  apsides  from  the 
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focns  be  always  the  same^  the  major  axis  2  a,  and  the  eccentricity 
-y  will  also  be  always  the  same;  for  we  shall  have 

2a  =  dr  +  dr,       2c  =  d"-d',       «  =  J^. 

Altbongh  the  instantaneous  ellipse  be  thus  invariable  in  its  form 
and  magnitude,  under  the  conditions  here  assumed,  it  does  not,  how- 
ever, follow  that  it^s  equally  invariable  in  its  position.  It  may, 
and  does,  as  will  presently  appear,  in  certain  cases,  revolve  round 
the  centre  of  attraction,  its  major  axis  con- 
tinually shifting  its  direction,  so  that  the 
real  path  of  the  disturbed  body  will  bo  such 
as  is  represented  in  fy.  825. 

3141.  Effect  of  a  gradually  increasing 
or  decreasing  radial  component.  —  If  the 
radial  component,  whether  it  be  positive  or 
negative,  were  by  its  continual  increase  or 
Fig.  825.  decrease  to  cause  the  effective  central  at- 

traction continually  to  increase,  the  revolving 
body  P  would  be  brought  every  revolution  nearer  and  nearer  to  the 
central  body  s )  and  if  it  caused  the  effective  central  attraction  con- 
tinually to  decrease,  the  contrary  effect  would  be  produced.  In  one 
case,  the  angular  motion  of  the  revolving  body  would  be  continually 
accelerated ;  and,  in  the  other  case,  continually  retarded. 

3142.  Effects  on  the  period  and  mean  motion  more  sensible  than 
those  on  the  mean  distance. — If  the  mean  distance  by  means  of 
such  radial  disturbances  as  here  described  should  be  varied  in  an 
extremely  small  proportion,  such,  for  example,  as  that  of  one  part 
in  a  million  in  each  revolution,  such  a  change  would  become  sen- 
sible, even  to  the  most  delicate  instruments  of  observation,  only  after 
the  lapse  of  centuries.  The  continual  change  effected  on  the  period, 
and  thereby  on  the  mean  motion,  would,  however,  tell  in  a  sensible 
manner  on  the  mean  place  of  the  body  in  a  comparatively  short 
time. 

3143.  Its  effect  on  the  position  of  the  apsides.  —  The  effect  of 
the  radial  component  on  the  direction  of  the  major  axis  of  the 
orbit,  will  vary  with  the  part  of  the  orbit  at  which  the  dis- 
turbed body  is  found  at  the  moment  the  disturbing  force  acts 
upon  it. 

3144.  It  diminishes  or  increases  the  angle  under  the  radius  vector 
and  tangent,  according  as  it  is  positive  or  negative.  — It  must  be 
considered  that,  in  general,  the  radial  component,  when  4-,  has  a 
tendency  to  diminish  the  angle  nv^yfg.  818,  formed  by  the  direc- 
tion Pn  of  p's  motion  and  the  radius  vector  sp;  and,  when  --,  to 
increase  it.      This  will  be  nearly  self-evident  on  inspecting  th« 
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fig,  826.  If  pp  represent  the  arc  of  the  orbit  which  p 
is  going  to  describe  at  the  moment  that  the  force  R  acts 
upon  it;  and  if  R  be  supposed  to  be  +?  ^i^d  therefore 
to  have  a  tendency  to  increase  the  energy  of  the  force 
directed  to  o ;  it  is  evident  that  in  the  unit  of  time  the 
force  which  previously  deflected  P  to  j),  will  now  deflect 
it  still  more  to  'p*  orj?" ;  so  that  the  arc  of  the  new  orbit 
p j/  or  py  will  be  more  inclined  to  PC;  that  is,  it  will 
make  a  less  angle  with  it» 

If,  on  the  contrary,  r  be  negative,  it  will  tend  to 
diminish  the  intensity  of  the  central  force,  and  there- 
fore to  lessen  the  obliquity,  or  increase  the  angle  n  p  o 
under  the  tangent  and  the  radius  vector. 
3145.  It  raises  or  depresses  the  empty  focus  of  the  eUiptie  orbit 
above  or  below  tJie  axis^  according  to  the  position  of  the  disturbed 
body  in  its  elliptic  orbit — Let  8,^^.  827,  be  the  place  of  the  cen- 
tral body,  s'  the  empty  focus  of  the  instantaneous  ellipse,  and  P,  p^, 
p^',  p'"  the  disturbed  body  at  different  parts  of  the  ellipse.  It  may 
be  assumed  that,  in  an  ellipse  of  small  eccentricity,  the  radial  com- 
ponent will  produce  no  sensible  effect  on  the  orbital  velocity  of  P, 
and  therefore  none  (as  will  more  fully  appear  hereafter)  on  the 
magnitude  of  the  major  axis  of  the  ellipse. 


Fig.  826. 


Now,  let  us  suppose  that  p,  moving  in  the  direction  of  the  arrow, 
receives  the  action  of  a  positive  radial  component.  This  would 
deflect  the  direction  of  p's  motion,  and  therefore  of  the  tangent  p  /, 
towards  the  radius  vector  p  s.  But  since,  according  to  the  ffeome- 
trical  properties  of  the  ellipse,  the  angle  <  P  s'  is  half  the  supplement 
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of  s P s',  it  follows  that  the  decrease  of  tvs  will  caose  a  decrease 
of  twice  the  magnitude  in  the  angle  s  p  s' ;  and^  since  the  direction 
of  8  P  is  fized^  that  of  P  s'  must  be  deflected  towards  P  s,  so  that  p  s^ 
will  change  its  position  to  p  s.  But,  since  the  major  axis  of  the 
ellipse  is  not  affected  by  the  disturbing  force,  and  since,  by  the  pro- 
perties of  the  ellipse,  P  s+P  s'  is  equal  to  the  major  axis,  it  follows 
that  the  disturbing  force  will  not  change  the  length  of  P  s'.  To 
comprehend,  therefore,  the  effect  of  the  disturbance,  we  have  only 
to  imagine  the  line  P  8  to  turn  on  p,  as  a  centre  towards  p  s,  and  to 
take  the  position  p  s.  In  effect,  the  empty  focus  will  be  transferred, 
by  the  radial  component,  from  s'  to  s. 

Now,  as  the  disturbed  body  approaches  nearer  to  m  n,  the  line 
through  s'  at  right  angles  to  the  major  axis,  the  line  p  s',  drawn 
from  it  to  the  empty  focus,  approaches  more  and  more  to  the  direc- 
tion of  the  perpendicular  ms';  and  the  point  to  which  the  empty 
focus  would  be  transferred  by  the  disturbing  force,  is  less  and  less 
removed  from  the  axis ;  and  when  the  disturbed  body  is  at  m,  that 
focus  is  displaced  by  the  disturbance  to  another  point  upon  the  axia 
nearer  to  perihelion  p  than  s'. 

After  passing  m,  the  disturbed  body,  at  p',  for  example,  being 
acted  upon  as  before  by  a  positive  radial  component,  the  effect  wiu 
be  to  deflect  ve^  towards  p<';  but  in  this  case,  the  angle  Ps'B 
being  obtuse,  the  new  position  /  of  the  empty.focua  will  lie  above 
the  axis. 

If  we  take  the  disturbed  body  at  p",  the  empty  focus  will  be 
transferred  to  /',  a  point  still  above  the  axis.  As  the  disturbed 
body  approaches  n,  the  point  to  which  the  empty  focus  is  transferred 
comes  nearer  and  nearer  to  the  axis,  and  lies  upon  it  when  the  dis- 
turbed body  is  at  n. 

Thus,  it  appears,  that  while  the  disturbed  body  moves  from  m, 
through  aphelion  a  to  fi,  the  point  to  which  the  empty  focus  would 
be  transferred  by  a  positive  radial  component  would  move  from  the 
axis  to  a  certain  distance  above  it,  and  would  again  return  to  the 
axis  when  the  disturbed  body  would  arrive  at  n. 

After  passing  n,  let  us  suppose  the  disturbed  body  at  any  point 
1E^'\  For  the  same  reasons  the  line  p'^s'  will  be  deflected  from 
T^"  8,  and  the  empty  focus  will  be  transferred  to  /",  a  point  below 
the  axis. 

Thus  it  appears,  in  general,  that  while  the  disturbed  body  moves 
from  m  through  a  to  n,  the  empty  focus  is  transferred  to  points 
more  or  less  above  the  axis,  and  while  it  moves  from  n,  through  p 
to  m,  it  is  transferred  to  points  more  or  less  below  it. 

3146.  JEffects  of  a  positive  radial  component  on  the  apsides.  —  It 
is  evident,  therefore,  that  a  positive  radial  component  will  change 
the  direction  of  the  apsides,  or  of  the  major  axis  of  the  instanta- 
neous ellipse.    The  new  direction  given  at  each  point  to  the  major 
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axis  being  that  of  tbe  line  drawn  from  8,  throagh  the  new  pomtion 
of  the  empty  focus,  it  will  be  evident,  from  what  has  just  been  ex- 
plained, that  while  the  disturbed  bodj  moves  from  m  through  a  to 
fi,  the  new  direction  of  the  axis  s/,  a/',  &c.,  will  be  such,  that  the 
new  perihelion  will  lie  htlow  p,  and  the  new  aphelion  (tbave  a. 
These  points  would,  therefore,  be  removed  from  their  original  places, 
in  a  direction  contrary  to  the  motion  of  P.  The  motion  imparted  to 
them  would  then  be  regreuive. 

While  the  disturbed  body  moves  from  n  through  p  to  m,  the  new 
direction  of  the  axis  s  5,  s  ?",  &c.,  must  be  such  that  the  new  peri- 
helion will  lie  above  p,  and  the  new  aphelion  hehto  a.  These  points 
would,  therefore,  be  removed  from  their  original  places,  in  the  di- 
rection of  the  motion  of  P.  The  motion  imparted  to  them  would 
then  be  progresnve. 

Thus,  it  appears,  that,  with  a  positive  radial  component,  the  axis 
of  the  orbit,  or  the  line  of  apsides,  has  a  progressive  motion  while 
the  revolving  body  passes  over  the  arc  nprn^  and  a  regressive  motion 
while  it  passes  over  the  arc  m  a  n. 

3147.  Effects  of  a  negcUtve  radial  cofnpanent  on  the  pontum  of 
the  axis, — If  the  radial  component  be  negative,  it  is  evident  that 
the  effects  will  be  precisely  the  opposite  of  those  here  stated ;  that 
is  to  say,  the  motion  of  the  axis  will  be  regressive  while  p  moves 
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throQgh  the  arc  np  m,  and  progressive  while  it  moTes  through  tho 
are  ma  n. 

3148.  Diagram  indicating  these  effects, — In  fig,  828  we  have 
indicated  hj  the  feathered  arrows  the  direction  of  p's  motion,  and 
by  the  arrows  with  a  cross  npon  their  shafts  the  direction  of  the 
motion  of  the  apsides  when  the  radial  component  is  positive.  Its 
motion,  when  negative,  will  be  indicated  by  supposing  it  to  take 
place  in  directions  contrary  to  those  in  which  the  latter  arrows 
point. 

3149.  This  motion  of  the  apsides  hears  a  very  minute  proportion 
to  that  of  the  disturbed  body, — It  must  not,  however,  be  supposed 
that  these  alternate  progressive  and  regressive  motious  of  the  apsides 
bear  any  considerable  proportion  to  p's  motion ;  they  are,  on  the 
contrary,  incomparably  smaller ;  so  that,  although  while  P  moves 
from  q'  to  p^  p  is  moving  in  the  same  direction,  it  is  moving  with 
80  small  a  velocity  that  p  arrives  at  j>,  and  passes  it  almost  as  soon 
as  if  p  were  not  moving  at  all :  and  the  same  observation  will  apply 
to  the  regressive  motion. 

3150.  Diagram  illustrating  the  motion  of  the  apsides.  —  The 
Buooessive  positions  assumed  by  the  orbit  subject  to  the  disturb- 
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ing  action  of  a  positive  radial  compooent,  while  P  passes  from 
p  top'",  are  represented  in  ^^.  829,  where  |>,|/,p",p'",  repre> 
sent  the  successive  positions  of  the  point  of  perihelioQy  and 
Gf  a',  a",  a"',  the  successive  positions  of  the  point  of  aphelion.  K 
the  orbit  be  imagined  to  revolve  in  the  other  direction  from 
p'"  s  a'"  to  p  s  a,  the  motion  will  be  that  which  it  would  receive 
from  the  disturbing  action  of  the  positive  radial  component  while 
p  moves  through  the  arc  Q  a  Q,  Jig,  829. 

3151.  This  motion  of  the  apsidet  increases  as  the  eccentricity 
of  the  orbit  diminishes,  other  thifigs  being  the  same,  —  It  ia  not 
difficult  to  perceive  that  this  effect  of  the  radial  component  in 
imparting  a  motion  of  revolution  progressive  or  regressive  to  the 
line  of  apsides  is  greater,  ceteris  paribus,  when  the  orbit  of  the 
disturbed  body  is  less  eccentric. 

This  will  be  evident  bj  the  mere  inspection  of  fgs.  830  and 
831.  In  fg,  830,  the  orbit  of  the  disturbed  body,  of  which 
17  n  is  a  part^  has  but  small  eccentricity ;  and  the  action  of  the 
disturbing  force  at  p  deflects  the   body  into  the  arc  represented 
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by  the  dotted  line.  To  find  the  new  position  of  perihelion,  it 
is  only  necessary  to  take  c  as  a  centre,  p  c  as  a  radius,  and  to 
describe  a  circle.  The  middle  point  j>'  of  the  dotted  arc  of  the 
new  orbit  included  within  this  circle,  will  be  the  position  of  the 
new  perihelion.  If  we  take  the  case  of  a  much  more  eccentrio 
orbit,  represented  in  fig,  831,  it  will  be  evident  that  the  aro 
of  the  orbit  included  within  the  circle  for  the  same  degree  of 
deflexion,  will  be  less  than  in  fig,  830;  and  consequently  its 
middle  point,  which  is  the  new  perihelion,  will  be  proportionally 
nearer  top. 

3152.  Effect  of  the  radial  component  on  (he  eccentriciti/,  — 
By  what  has  been  explained  (3145),  as  to  the  change  of  posi- 
tion of  the  empty  focus,  the  effect  of  the  radial  component  in 
all  cases  on  the  eccentricity  will  be  easily  understood.  The  mag- 
nitude of  the  major  axis  not  being  affected,  the  variation  of  the 
eccentricity  will  be  proportional  to  that  of  the  distance  of  the 
empty  focus  from  8.  But,  since  the  distances  of  p  from  the  two 
foci  are  not  affected  by  the  disturbing  force,  the  distance  between 
the  foci  will  be  increased  or  diminished,  according  as  the  angle 
8  p  6^,  fig.  827,  is  increased  or  diminished  by  the  disturbing  force. 
But,  from  what  has  been  explained  it  is  clear  that,  while  P 
moves  from  perihelion  p  to  aphelion  a,  the  angle  8  p  s'  is  dimin- 
ished ;  and  while  it  moves  from  aphelion  a  to  perihelion  p^  that 
angle  is  increased  by  the  disturbing  force. 

It  follows,  therefore,  that  a  positive  radial  component  will  dimin- 
ish the  eccentricity  while  P  moves  from  perihelion  to  aphelion^ 
and  will  increase  it  while  it  moves  from  aphelion  to  perihelion; 
and  it  is  evident  that  a  negative  radial  component  will  produce 
the  contrary  effect. 

The  effect  produced  on  the  eccentricity  may  also  be  under- 
stood by  the  following  considerations:  —  While  the  revolving  body 
P>  fi9-  ^^^}  passes  from  perihelion  to  aphelion,  its  distance  P  8 
from  the  central  body  8  continually  increases;  and  while  it  passes 
from  aphelion  to  perihelion,  on  the  other  hand,  its  distance  p's 
from  the  central  body  continually  diminishes.  Now,  it  is  evident 
that  the  more  eccentric  the  elliptic  orbit  is,  the  more  rapid  will 
be  the  increase  of  the  radius  vector  in  the  one  case,  and  its 
decrease  in  the  other.  Any  influence,  therefore,  which  will  have 
a  tendency  to  diminish  that  rate  of  increase  or  decrease  of  the 
radius  vector  will  have  the  effect  of  diminishing  the  eccentricity 
of  the  orbit;  and,  on  the  other  hand,  any  influence  which  would 
have  the  contrary  effect  of  augmenting  this  rate  of  increase  or 
decrease,  would  have  the  effect  of  augmenting  the  eccentricity. 

Now,  it  is  evident  that  a  positive  radial  component,  having 
necessarily  the  effect  of  increasing  the  energy  of  the  central  attrac- 
tion, will  necessarily  diminish  the  rate  at  which  p  departs  from 
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c  in  going  from  perihelion  to  aphelion,  and  will  conseqaently. 
according  to'  what  has  been  just  explained,  have  the  effect  of 
diminishing  the  eccentricity  of  the  orbit;  but  the  same  positive 
radial  component,  continuing  to  act  while  P  passes  from  peri- 
helion to  aphelion,  will  augment  the  rate  at  which  the  zadias 
vector  decreases^  and  will  therefore  increase  the  eccentricity. 

II. — ^EFFECTS  OF    THE    TRANSVERSAL    COMPONENT    OF    THE 
DISTTJRBINQ  FORCE. 

3153.  It  accelerates  or  retards  the  orhital  motion,  —  In  orbits 
of  very  small  eccentricity,  such  as  alone  are  here  considered,  the 
radius  vector  is  never  inclined  to  the  tangent  drawn  in  the  directiou 
of  p's  motion,  at  an  angle  much  less  or  much  greater  than  90^. 
From  aphelion  to  perihelion  this  angle  is  always  a  little  le» 
than  90°,  being  least  at  the  extremity  of  the  minor  axis;  and 
from  perihelion  to  aphelion  it  is  always  a  little  greater  than 
90°,  being  greatest  at  the  extremity  of  the  minor  axis. 

Now,  the  transversal  component  being  always  at  rfght  angles 
to  the  radius  vector,  it  follows  that,  when  it  is  positive,  it  forms 
a  very  acute,  and  when  negative  a  very  obtuse  angle  with  the 
direction  of  p's  motion.  In  the  former  case,  therefore,  very  nearly 
its  whole  effect  is  expended  in  augmenting,  and  in  the  ktter  in 
diminishing,  p's  orbital  velocity. 

In  the  instantaneous  ellipse,  the  orbital  velocity  of  P  constantly 
increases  from  aphelion  to  perihelion,  and  constantly  decreases 
from  periheHon  to  aphelion.  Between  the  extreme  limits  of  the 
velocity,  t^ere  is  therefore  a  certain  velocity  which  corresponds 
to  each  particular  distance  of  p  from  either  apse. 

3154.  It  increases  or  decreases  the  major  axis^  according  as 
it  is  jfovitive  or  negative,  —  It  is  demonstrated  upon  physical 
principles,  combined  with  the  geometrical  properties  of  the  ellipse, 
that  if  V  express  the  orbital  velocity  of  p,  z  the  radius  vector 
corresponding  to  ^ny  point  in  the  orbit^  and  a  the  semiaxis  major 
of  the  ellipse,  we  shall  have 

.  -= vl 

r  •  a      z 

Now,  if  the  transversal  component  be  positive^  it  will  increase  T, 

and  will  consequently  diminish  -,  and  therefore  increase  a;  and, 

on  the  contmrj^  if  it  be  negative,  it  will  for  like  reasons  dimin- 
ish a.     It  followp,  therefore,  that  a  positive  transversal  component   I 
will  augment,  aod  a  negative  diminish,  the  mean  distance  of  P  j 
in  the  instantaneous  ellipse.  | 

It  follows,  fov  combining  this  result  with  the  harmonic  law,  that  | 
a  positive  tranerersal  component  will  diminish  the  mean  angular  j 
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motion  of  p,  and  that  a  negative  transversal  component  will  in- 
crease it, — ^an  effect  qaite  the  opposite  of  what  might  be  at  first  view 
expected. 

3155.  It  produces  progression  of  the  apsides  from  perihelion  to 
aphelion,  and  regression  from  aphelion  to  perihelion,  when  positive; 
and  the  contrary  when  negative. — The  principle  here  announced, 
which  is  of  considerable  importance,  may  be  demonstrated  and  illns* 
trated  in  several  ways. 

1.  It  has  just  been  shown,  that  a  positive  transversal  component 
augments  the  orbital  velocity,  and  that  in  the  instantaneous  ellipse 
the  orbital  velocity  proper  to  each  point  continually  increases  from 
aphelion  to  perihelion,  and  continually  decreases  from  perihelion 
to  aphelion.  By  augmenting  the  velocity,  therefore,  the  positive 
transversal  component  imparts  to  P  in  all  cases  a  velocity  proper  to 
a  point  nearer  to  perihelion,  and  therefore  in  effect  brings  perihelion 
nearer  to  p  than  it  would  have  been  if  the  disturbing  force  did  not 
act.  It  follows,  therefore,  that  when  p  is  moving  from  aphelion  to 
perihelion,  the  point  of  perihelion,  being  made  to  approach  it,  will 
have  a  motion  contrary  to  that  of  p,  and  therefore  regressive ;  and 
when  P  is  moving  from  perihelion  to  aphelion,  the  point  of  perihe- 
lion, still  approa<3iing  p,  must  follow  it,  and  therefore  have  a  motion 
in  the  same  direction,  or  progressive. 

It  is  evident  that  a  negative  transversal  component  must  produce 
the  contrary  effects,  and  would  therefore  impart  a  progressive  motion 
to  the  apsides  when  p  moves  from  aphelion  to  perihelion,  and  a  re- 
gressive motion  when  it  moves  from  perihelion  to  aphelion. 

It  will  be  apparent,  that  at  the  very  points  of  perihelion  and 
aphelion  where  the  effects  of  a  transversal  component  on  the  posi- 
tion of  the  axis,  whether  positive  or  negative,  change  from  progres- 
sion to  regression,  or  vice  versd,  the  actual  effect  upon  the  direction 
of  the  line  of  apsides  will  be  nothing. 

2.  The   same   principle    may  be   demonstrated  as  follows:  — 

By  what  has  been  already  shown 
(3154),  a  positive  transversal  com- 
ponent increases  the  major  axis 
of  the  instantaneous  ellipse.  Let 
p  p  a  p',  fg.  832,  represent  that 

^m  ellipse,  the  body  being  supposed  to 

move  in  the  direction  pv^  av. 

Let  8  be  the  central  body,  and 

s'  the  other  focus  of  the  ellipse. 

By  the  properties  of  that  curve  we 

«.    «.^  shall  have 

Fig.  832. 


652  ASTRONOKT. 

Now,  if  the  Telocity  of  P  be  augmented  by  the  effect  of  a  pontiTe 
transversal  component,  the  major  axis  2  a,  and  conseqaently  8*  P, 
the  distance  of  the  empty  focus  of  the  orbit  from  P,  must  also  he 
augmented.  The  disturbing  force  will  therefore  transfer  that  focoa 
to  some  such  point  as  /  upon  the  continuation  of  the  line  P  s',  and, 
accordingly,  the  new  direction  of  the  major  axis  will  be  //  s  /  in- 
stead ofp8  9,  and  it  will  therefore  revolve  round  a  with  a  regresave 
motion. 

If  the  disturbed  body  be  at  p',  moving  from  perihelion  to  aphelion, 
the  empty  focus  will  in  like  manner  be  transferred  to  tTj  and  the 
new  direction  of  the  axis  being  y  s  s",  it  will  have  a  progressive 
motion  round  s. 

\  It  will  bo  evident  that  a  negative  transversal  component  must 
produce  the  contrary  eflFects. 

3156  Its  effect  on  the  eccentricity,  —  It  is  easy  to  show  that  a 
positive  transversal  component  will  augment  the  eccentricity  when 

the  distance  of  P  from  8  is  less,  and 
will  diminish  it  when  greater,  than 
the  mean  distance,  and  that  a  nega- 
tive transversal  component  will 
have  the  contrary  effect. 

It  is  a  property  of  the  ellipse, 
that  for  a  given  position  of  p  with 
relation  to  the  transverse  axis,  its 
distances  PS  and  ps',  fig.  833, 
from  the  two  foci  are  more  or  less 
unequal  according  as  the  ellipse  is 
more  or  less  eccentric.  Thb  pro- 
Fig.  833.  perty  will  indeed  appear  nearly 
self-evident^  if  different  ellipses 
having  the  same  major  axis  be  compared. 

If  then  ap  be  the  major  axis,  and  hh  the  minor  axis,  the  points 
h  being  at  a  distance  from  8  equal  to  half  the  transverse  axis,  let  a 
positive  transversal  component  be  supposed  to  act  upon  p  anywhere 
between  h  h  and  perihelion.  Such  a  force,  according  to  what  has 
been  proved  above,  will  increase  the  distance  s'  from  P ;  and  since 
this  distance  is  greater  than  P  s,  such  a  change  will  render  the  dis- 
tances P  8  and  p  8'  more  unequal,  and  will  therefore  increase  the 
eccentricity. 

But  if  a  positive  transversal  component  act  anywhere  between  h  h 
and  aphelion,  as  at  p',  then  by  augmenting  the  distance  P'  s',  which 
is  less  than  p'  s,  it  will  render  the  distances  P^  s  and  P^  s'  less  un- 
equal, and  will  therefore  diminish  the  eccentricity. 

It  is  evident  that  a  negative  transversal  component  acting  at  the 
same  points  will  produce  a  contrary  effect. 

It  may  therefore  be  inferred,  in  general;  that  the  eccentricity  will 
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be  incrensed  by  a  pofiitiye  tanBsversal  oomponent  between  the  mean 
distance  and  perihelion,  and  bj  a  negative  one  between  the  mean 
distance  and  aphelion ;  and  that  it  wiU  be  diminished  by  a  positiye 
transversal  component  between  mean  distance  and  aphefion^  and  by 
a  negative  one  between  mean  distance  and  perihelion. 

Thns  it  appears  that  if  a  positive  transversal  oomponent  of  the 
disturbing  force  were  to  act  constantly  on  a  planet  dnring  the  entire 
revolution,  it  would  cause  the  eccentricity  of  the  instantaneous  ellipse 
continually  to  increase  from  perihelion  to  the  end  of  the  lesser  axis, 
where  it  would  attain  its  major  limit.  From  that  point  it  would 
decrease  until  the  planet  arrives  at  aphelion,  where  it  would  attain 
its  minor  limit.  »  From  that  it  would  again  increase  until  the  planet 
would  come  to  the  other  extremity  of  the  minor  axis,  where  it  would 
again  attain  its  major  limit,  af^r  which  it  would  again  decrease 
until  the  planet  would  arrive  at  perihelion,  where  it  would  attain 
again  its  minor  limit. 

It  has  been  erroneously  stated,  in  some  astronomical  works,  that 
the  points  at  which  the  eccentricity  would  attain  its  major  limit  by 
this  cause,  would  be  the  extremities  of  a  perpendicular  to  the  major 
axis  passing  through  the  empty  focus  of  the  orbit."^ 


8167.  Its  effects  on  the  major  axis  at  the  ap«Wa.  — Let  jpPQ, 
fy.  884,  be  the  undisturbed  orbit,  p  being  perihelion  and  Q 
aphelion.    Now,  if  we  suppose  the  revolving  body  at  perihelion  jp 

•  See  Herschers  Outlines  of  Astronomy,—  ed.  18i9,  p.  284. 
HI.  47 
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lo  receite  the  action  of  the  poeidye  tnosTersal  oomponent,  such 
aotioB  inoreasiDg  its  yelooity  will  throw  it  into  an  arc  such  as  p  p', 
which  would  indade  p  P  within  it,  and  the  revolving  body  will  con- 
aeqnently  move  in  the  orbit  pv^Q[  instead  of  the  orbit  pp  q,  in 
which  it  would  have  revolved  had  it  been  undisturbed.  The  orbit, 
therefore,  which  would  result  from  the  perturbing  action  of  the 
positive  transversal  force  at  P,  would  be  one  in  which  the  line  of 
apsides  would  have  the  same  direction,  but  in  which  the  point  of 
aphelion  q[  would  be  more  remote  from  o  than  the  point  of  aphelion 
Q  of  the  undisturbed  orbit.  The  efiPeot  therefore  is,  that,  without 
changing  the  direction  of  the  line  of  apsides,  the  tninsverse  axis 
is  augmented  by  the  disturbing  force. 

Let  us  now  consider  the  effect  of  a  positive  transversal  component 
acting  upon  the  revolving  body  at  aphelion.  Let  q,  fy.  835,  be 
the  aphelion,  and  p  the  perihelion,  of  the  undisturbed  orbit  of  p 
revolving  round  the  central  body  o.     A  positive  transversal  force 

acting  at  Q,  accelerating  the  velocity  aa 
before,  will  cause  the  body  to  move  in 
an  orbit  q  p' j/  having  the  same  point 
0  for  its  remote  focus,  and  including 
the  undisturbed  orbit  within  it 

It  is  evident  that  in  this  case,  while 
the  aphelion  distance  o  Q  is  the  same 
for  both  orbits,  the  perihelion  distance 
oj/  of  the  disturbed  orbit  is  greater 
than  the  perihelion  distance  op  of  the 
undisturbed  orbit;  and  consequently, 
the  transverse  axis  of  the  disturbed 
orbit  is  greater  than  that  of  the  undis- 
turbed. 

Hence  it  may  be  inferred,  in  gene- 
ral, that  a  positiye  transversal  force 
aotingupon  the  revolving  body,  whether 
at  perihelion  or  aphelion,  will  have  the 
effect  of  augmenting  the  transverse 
axis  of  the  orbit,  but  that  when  it  acts 
at  perihelion  it  increases,  and  when  it 
acts  at  aphelion  it  diminishes,  the  eo- 
centricity. 

It  is  evident  that  a  negative  transversal  component  will  haye 
the  contrary  effect,  diminishing  in  all  cases  the  transverse  axis 
of  the  ^  orbit  by  decreasing  the  eccentricity  near  perihelion,  and 
increasing  it  near  aphelion. 


Tig.  835. 


THEOBY  OF  YABIABLE  ORBITS.  555 


m  — EPfECTS  OF    THE    ORTHOGONAL  COMPONENT  OF    THE 
BI8TUBBINO  FORCE. 

3158.  It  changes  the  plane  of  the  orhit — -plane  of  reference.'^ 
It  has  been  already  ezplalDed^  that  the  effect  of  this  componeni 
is  to  produce  a  change  in  the  position  of  the  plane  of  p's  orbit 
In  order,  therefore,  to  express  snch  change  of  position^  it  if 
necessary  that  some  fixed  plane  be  selected  with  relation  to  irhicb 
the  position  of  the  plane  of  p's  orbit  may  be  expressed.  Such 
a  plane  may  be  chosen  arbitrarily,  and  we  shall  denominate  it 
generally  the  plane  of  reference. 

The  position  of  the  plane  of  p's  orbit  then  will  depend  on  its 
line  of  intersection,  and  its  inclination  to  the  plane  of  reference. 

3159.  Nodes  of  disturbed  orbit  on  plane  of  reference.  —  Let 
aba'  and  a  c  a',  fig,  836,  represent  respectively  the  plane  of  re* 
ference  and  that  of  p's  orbit,  seen  in  the  same  manner  as  we 
are  accostomed  to  view  the  equator  and  ecliptic;  A  being  the 


ascending  node  corresponding  to  the  vernal  equinoctial  point, 
and  a'  we  descending  node  corresponding  to  the  autumnal  equi* 
noctial  point,  and  o  being  that  point  of  the  semicircle  which 
corresponds  to  the  solstitial  point,  and  which  is,  therefore,  the 
point  most  remote  from  the  plane  of  reference.  We  shall  call 
A  c  the  first  quadrant^  counting  from  the  ascending  node ;  c  a' 
the  second  quadrant;  and  the  corresponding  quadrants  of  the 
other  half  of  the  orbit  the  third  und  fourth  quadrants. 

3160.  Uffect  of  orthogonal  component  varies  with  distance 
from  node.  — Now  let  us  suppose  the  body  subject  to  pertur- 
bation to  be  at  some  point  such  as  P  in  the  first  quadrant,  and 
to  receive  there  the  action  of  a  positive  orthogonal  component, 
the  direction  of  p's  motion  being  indicated  by  the  arrow.  Since 
this  positive  component  has  a  tendency  to  draw  P  towards  the 
plane  of  reference,  it  is  evident  that  the  motion  which  P  will 
receive,  by  its  action,  must  cause  it  to  proceed  in  a  direction 
between  p  o  and  a  line  drawn  from  p  perpendicular  to  the  plane 
of  reference,  that  is,  in  such  a  direction  as  Pn  inclined  to  PO 
and  below  it. 

If  the  body  subject  to  perturbation  be  in  the  second  quadrant| 
as  at  ^,  it  will  for  a  like  reason,  after  the  distorbhig  aotion^ 
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move  in  a  direction  pg,  Blighily  inclined  to  n^  a'  and  belofir  it 
If  the  orthogonal  component  be  negative,  it  will  be  apparent 
that  at  p  the  body  would,  after  the  action  of  the  disturbing  force, 
move  in  that  direction  pn',  slightly  inclined  to  PC  and  above 
it;  and  in  like  manner,  at  p'  it  would  move  in  the  direction 
p  q',  slightly  inclined  to  p^  a'  and  a  little  above  it. 

Now  each  of  these  disturbances  will  change  both  the  nodes  and 
inclination. 

3161.  Nodes  progress  or  regress  according  cu  the  component 
is  negative  or  positive,  —  If  n  p  be  continued  backwards,  it  will 
intersect  the  plane  of  reference  at  a  point  r  beyond  its  former 
node  A.  It  is  evident,  therefore,  that  in  this  case  the  ascend- 
ing node  would  regress  upon  the  plane  of  reference.  If  the  arc 
p'  ^  be  in  like  manner  continued  to  meet  the  plane  of  reference 
at  q,  this  point  q  will  be  in  like  manner  behind  a'.  Thus  the 
new  position  of  the  descending  node  will  be  behind  its  former 
position,  and,  consequently,  in  this  case  also  the  node  regresses. 

It  appears,  therefore,  that  wherever,  in  the  semi-circle  A  c  a',  a 
positive  orthogonal  component  acts,  its  effect  will  be  to  impart  to  Uie 
node  a  regressive  motion. 

The  same  reasoning  will  equally  apply  to  the  cases  in  which  p  is 
in  the  third  and  fourtn  quadrant;  and  therefore  generally  it  may  be 
inferred,  that  in  all  parts  of  p's  orbit  a  positive  orthogonal  com- 
ponent will  produce  a  regression  of  the  nodes. 

By  like  reasoning  it  will  be  perceived,  that  when  p  is  subject  to 
a  negative  orthogonal  component,  and  therefore  in  the  first  quadrant 
moves  in  the  arc  p  n',  and  in  the  second  in  the  arc  P  of,  the  nodes 
will  receive  a  progressive  motion,  the  new  nodes  /  and  ^  being  in 
advance  of  the  original  nodes  A  and  a'  ;  and  the  same  reasoning  will 
apply  to  the  third  and  fourth  quadrants.  It  will  follow  generally 
that  a  negative  orthogonal  component  will  everywhere  impart  a  pro- 
gressive motion  to  the  nodes. 

3162.  Effect  upon  the  inclination.  —  It  will  be  evident  upon  the 
mere  inspection  of  the  diagram,  that  the  obliquity  PrB  is  less  and 
the  obliquity  p  /  B  greater,  than  the  original  obliquity  p  A  B,  where 
P  is  in  the  first  quadrant ;  and  that,  on  the  contrary,  the  obliquity 
P^  ^  B  is  greater,  and  p'  (^  B  is  less,  than  the  original  obliquity  p^  a'  B 
in  the  second  quadrant.  It  follows,  therefore,  that  a  positive  ortho- 
gonal component  acting  in  the  first  quadrant  decreases,  and  in  the 
second  increases,  the  obliquity ;  and  that  a  negative  orthogonal  com* 
ponent  in  the  first  quadrant  increases,  and  in  the  second  quadrant 
decreases  the  obliquity.  It  will  follow,  in  like  manner,  that  the 
effects  of  these  components  respectively  in  the  third  quadrant  are 
similar  to  their  effects  in  the  first,  and  that  their  effects  in  the  fourth 
quadrant  are  similar  to  their  effects  in  the  second. 

It  may  then  be  stated  generally,  that  a  positive  orthogonal  com- 
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ponent  decreases  the  obliquity  when  the  disturbed  body  is  in  the  first 
and  third  quadrants,  and  increases  it  when  in  the  second  and  fourth ; 
and  that  a  negative  orthogonal  component  is  attended  with  the 
opposite  effects. 

TV.  OEKERAL  SUMMARY  OP  THE  EFFECTS  OF  A  DISTURBING  FORCE. 

8163.   Tabular  t^f^wpsts  of  the  efecls  of  the  several  components  of 
the  disturbing  force. — 


SaduL 

Tr&MTerMl.                    Orthocoiwl. 

+ 

- 

+ 

-               +            - 

a 

« 

9 

a 

« 

X 

« 

t 

ie 

« 

t 

W       V       {        9       i 

At  Pertbellon 

0 
0 

+ 

+ 
+ 

0 

0 
0 

+ 

+ 

+ 
0 

+ 
+ 

+ 

+ 

+ 
+ 

0 
0 

+ 

- 

+ 
+ 

0      .       .       .       . 
0      .       .       .       . 

+   .    .    .    . 

At  Aphelion 

From  Perihelion  to 
Aphelion 

From    Aphelion    to 
PerlheUon 

From  Anomaly  OO© 
to  Anom.  ZQP 

From  Anom.  270^  to 
Anom.  90O 

At    Anom.    90°    or 
270° 

Between   PeriheUon 
and  mean  dJKtanoe 

Between     Aphelion 
and  mean  distance 

Diatance  of  disturbed 
body  from  aacend- 
inenode: 

Between  (P  and 
W> 

—  0     +     0 

zttT 

+  + 

—  0     +     0 

—  +  +  — 

goo 

Between  W°  and 
1800 

180° 

Bet«reen      1W> 

and  Ttifi 

270© 

Between      270O 
and  oo. 

It  will  he  convenient,  then,  to  collect  and  arrange  in  juxtapo- 
sition, for  the  purpose  of  reference,  the  various  effects  produced  hy 
the  three  components  of  the  disturbing  force,  as  explained  in  the 
preceding  paragraphs.  We  have  accordingly  done  this  in  the  above 
tabular  statement.  The  sense  in  which  the  symbols  +  and  —  are 
applied  to  each  of  the  components  has  been  already  explained.  As 
applied  to  the  semi-axis  a,  the  eccentricity  e,  and  the  inclination  I, 
+  is  nsed  here  to  signify  increase,  and  —  diminution,  and  0  the 
poiitionB  in  which  they  are  not  affected  by  the  distnrbing  force. 
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Ab  applied  to  the  motions  of  the  perihelion  (ti)  and  the  node  (f),  + 
indioates  progressive  and  —  regressive  motion.  The  sign  0  is 
placed  where  there  is  no  motion  imparted  to  these  points  bj  the 
disturbing  force. 
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CHAP.  XX. 

PROBLEM  or  THREE  BODIES. 

3164.  Attraction  independent  of  the  mass  of  the  attracted  body. 
-—  To  obtain  clear  and  distinct  ideas  of  the  effects  of  the  disturbing 
action  of  masses  brought  into  proximity  with  bodies  moving  in  or- 
bits round  a  centre  of  attraction,  it  is  most  necessary,  in  the  first 
instance,  to  comprehend  clearly  the  law  and  conditions  which  deter- 
mine such  attractions. 

The  attraction  exerted  by  one  body  upon  another  depends  solely 
upon  the  mass  of  the  attracting  body,  and  its  distance  ^m  the  at- 
tracted body,  and  is  altogether  independent  of  the  mass  of  the  latter. 
It  is  the  more  necessary  to  indicate  this,  inasmuch  as  students  are 
apt  to  confound  the  effects  of  attraction  with  those  of  forces  trans- 
mitted by  impact,  pressure,  or  other  mechanical  agency.  There  is, 
however,  an  essential  difference  between  these  effects  and  those  of 
attraction.  When  a  force  is  transmitted  by  mechanical  agency,  the 
motion  which  it  imparts  to  the  body  upon  which  it  acts  is  so  much 
the  less  as  the  mass  of  that  body  is  greater ;  but  this  is  not  at  all 
the  case  with  attraction.  If  a  body  whose  mass  is  M  acts  upon  an- 
other p  at  the  distance  d,  it  will  impart  to  P,  being  free,  a  certain 
motion  towards  M.  Now,  if  another  body  equal  in  mass  to  P  be 
placed  in  juxtaposition  with  p,  m  will  impart  to  it  an  equal  motion 
in  the  same  direction ;  and  if  three,  four,  or  more  such  bodies  be  in 
like  manner  placed  at  the  same  distance  D  near  each  other,  they 
will  be  all  equally  attracted  by  M,  and  will  move  towards  M  through 
equal  spaces,  the  attraction  which  M  excites  on  any  one  of  them 
not  at  adl  interfering  with  or  diminishing  its  action  upon  the  others. 
If  we  suppose  these  several  masses  to  cohere  and  to  form  a  single 
mass,  this  single  mass  will  move  towards  M  with  the  same  velocity. 
It  foUows,  therefore,  that  inasmuch  as  M  exercises  separate  and  in- 
dependent attractions  upon  every  particle  composing  the  mass  p, 
that  mass  will  be  moved  towards  M  by  the  attraction  of  M  at  the 
same  rate,  whether  it  be  great  or  small. 

Thus,  for  example,  it  appears  (Table  IV.  page  462)  that  the  at- 
traction which  the  sun  exerts  upon  the  earth  at  the  distance  of 
ninety-five  millions  of  miles  is  such  as  would  cause  the  earth,  if  it 
were  at  rest  and  free^  to  move  towards  the  sun  through  -^ffii9  of 
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an  inch  in  one  second  of  time.  Now,  if  the  mass  of  the  earth 
were  10  or  100  times  greater  or  less  than  it  is,  the  san's  attraction 
exerted  at  the  same  distance  would  produce  precisely  the  same  e£fect 
upon  it. 

3165.  ffence  the  denomination  ^^  acceleratinff  force." — This  spe- 
cies of  force,  the  effect  of  which  is  ezclusiyelj  a  certain  velocity 
imparted  to  the  body  affected,  is  distinguished  in  physics  from  that 
other  sort  of  force  which  varies  in  its  effects  with  the  mass  of  the 
body  moved,  by  the  term  accelerating  force;  while  the  force  which 
varies  in  its  effect  with  the  mass  of  the  body  moved,  is  called  moving 
force,  or  momentum, 

3166.  Accelerating  farce  of  gravitation. — The  accelerating  force 
of  gravitation  is  therefore  measured  by  and  proportional  to  the  space 
through  which  a  body  is  drawn  in  the  unit  of  time  by  the  attraction 
of  a  given  mass  at  a  given  distance. 

Let  the  unit  of  accelerating  force  be  the  space  through  which  a 
body  would  be  drawn  in  the  unit  of  time  by  the  unit  of  mass  placed 
at  the  unit  of  distance  £rom  it.  The  accelerating  force  exerted  at 
the  unit  of  distance  by  any  other  mass  M,  will  therefore  be  expressed 
by  the  number  of  units  in  M ',  and  since  the  attraction  decreases  in 
the  same  proportion  as  the  square  of  the  distance  increases,  the  ac- 
celerating force  exerted  by  M  at  the  distance  D  being  expressed  by 
A,  we  shall  have 

M 

—  a  formula,  which,  properly  understood,  expresses  the  law  of 
gravitation  in  its  highest  generality. 

3167.  Problem  of  two  bodies,  —  When  a  lesser  body  P  revolves 
in  an  elliptic  orbit  round  a  greater  mass  s,  the  place  of  s  being  the 
focus  of  the  ellipse,  it  has  been  hitherto  assumed  that  s  is  fixed, 
and  not  at  all  affected  by  p's  attraction,  the  only  attraction  assumed 
hypothetically  to  be  in  operation  being  that  of  s  upon  p.  Now  if 
D  be  the  distance  between  them,  and  a  the  space  through  which  p 
would  be  drawn  by  8  in  the  unit  of  time,  we  should  have,  according 
to  what  has  been  just  explained. 

But,  by  the  universal  reciprocity  of  the  principle  of  gravitation,  p 
acts  upon  B  as  well  as  s  upon  P  ]  and  if  the  accelerating  force  of  p 
on  8  be  expressed  by  a',  we  shall  have 

D* 

It  remains,  therefore,  to  consider  in  what  manner  this  effect  of  p's 
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attraetion  will  modify  the  conclusions  at  which  we  haye  arrived 
upon  the  supposition  that  the  attraction  alone  of  8  was  in  operatiOD. 
It  is  evident  that  hy  p's  attraction  s  is  drawn  towards  v,  while  by 
s's  attraction  p  is  drawn  towards  8. 

If  8  alone  were  supposed  to  act,  the  distance  B  would  in  the  unit 
of  time  be  decreased,  supposing  the  bodies  free  to  move  towards 
each  other,  by  the  space  A.  But  now  that  the  action  of  p  is  admit- 
ted, the  distance  D  between  P  and  8  will  be  diminished  by  the  sum 
of  the  spaces  through  which  a  and  P  may  be  respectively  moved  in 
the  unit  of  time,  each  by  the  attraction  of  the  other;  so  that  we 
should  have  the  actual  force  of  mutual  attraction  between  the  two 
bodies — 

A  +  A'=LtZ 
A  +  A-      ^,     . 

It  appears,  therefore,  that  the  mutual  attraction  of  the  two  bodies 
is  greater  than  when  8  alone  acted  in  the  proportion  of  8  to  8  +  P; 
and,  consequently,  that  the  relative  motion  of  p  round  s  will  be 
precisely  the  same  as  if  the  mass  of  s  were  increased  by  the  addi- 
tion to  it  of  the  mass  of  p  and  P  were  deprived  of  its  reciprocal 
attraction.  Since,  then,  this  increased  attraction,  like  the  original 
attraction  of  s,  is  one  which  increases  as  the  square  of  the  distance 
decreases,  it  is  subject  to  the  same  law  as  that  which  determines  the 
elliptic  form  of  the  orbits ;  and  it  consequently  follows,  that,  subject 
to  this  reciprocal  attraction  of  the  two  bodies,  P  will  still  describe 
an  elliptic  orbit  round  s  as  a  focus;  but  the  central  attraction  being 
augmented  in  the  ratio  of  6  +  P  to  s,  the  ratio  of  the  cube  of  the 
mean  distance  to  the  square  of  the  periodio  time,  according  to  what 
has  been  established  (2634),  will  undergo  a  corresponding  increase; 
BO  that  if  a  were  the  mean  distance,  and  p  the  period  of  p  moving 
round  s,  subject  to  s's  attraction  only,  and  exerting  no  attraction 
of  its  own,  and  of  were  the  mean  distance  and  t/  the  period  when  p 
exerts  the  reciprocal  attraction  upon  s,  we  shafl  have 

Thus  it  appears  that  the  admission  of  p's  reciprocal  attraction 
on  8  would  augment  the  distance  with  the  same  period,  or  diminish 
the  period  with  the  same  distance ;  in  short,  at  the  same  distance 
the  mean  motion  of  the  revolving  body  would  be  accelerated,  or  with 
the  same  mean  motion  its  distance  would  be  increased. 

To  this  extent,  and  in  this  sense  only,  a  perturbation  would  be 
produced  by  the  reciprocal  attraction  of  P  upon  s. 

S168.  PtohUm,  of  three  bodies,  —  It  is,  therefore,  only  when  a 
third  body  intervenes  that  a  perturbing  force  is  produced  which  has 
any  tendency  to  impair  the  elliptic  character  of  the  orbit;  and  the 
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investigatio/i  of  the  eSecta  of  such  a  combination  has  acquired  great 
celebrity  in  the  history  of  science,  from  the  difficulties  which  it 
presented,  and  the  importance  of  the  results  which  followed  its  sola- 
tioQ.      This  question  is  generally  denominated  the  problem  07 

THREE  BODIES. 

The  three  bodies  involved  in  the  problem  are,  Ist,  the  central 
body  s ;  2ndly,  the  revolving  body  p,  which;  if  undisturbed,  would 
describe  an  elliptic  orbit  round  s  as  a  focus;  8rdly,  the  disturbing 
body  M. 

3169.  Simpltfied  hy  the  comparative  feebleness  of  the  forces  cx- 
erted  hy  the  third  body,  —  In  aU  the  cases  presented  in  the  great 
phenomena  of  the  universe,  the  mass  of  s  is  incomparably  greater 
than  that  of  P,  and  the  attraction  exerted  by  M  is  incomparably 
more  feeble  than  the  central  attraction  of  s  on  p^  cither  because 
of  the  comparative  small ness  of  m's  mass^  or  because  of  its 
great  distance  from  the  attracted  body,  or  from  both  these  causes 
combined. 

3170.  Attracting  force  of  third  body  not  wholly  disturbing.—^ 
But  whatever  be  the  force  exerted  by  m,  it  is  most  necessary  to 
bear  in  mind  two  things  respecting  it :  1st,  that  its  attraction  does 
not  necessarily  produce  a  disturbing  action  at  all  upon  p's  orbit ; 
and  2ndly,  that  when  it  does,  the  disturbing  action  is  not  identical 
with  m's  attraction  upon  P,  either  in  intensity  or  direction.  It  is 
never  equal  to  it  in  intensity,  and  very  rarely  identical  with  it  in 
direction,  often  having  a  direction  immediately  opposed  to  that  of 
m's  attraction. 

3171.  Attracting  force  which  would  produce  no  disturbing  effect, 
—  Such  a  force  must  be  one  which  would  cause  s  and  P  to  be  moved 
in  parallel  lines  in  the  same  direction  through  equal  spaces  in  the 
same  time.  It  is  quite  evident  that  such  a  force,  while  it  would 
transport  s  and  p  with  this  common  motion  in  a  common  direction, 
could  not  in  the  least  degree  derange  their  relative  position  or 
motion.  If  p,  previously  to  the  action  of  such  a  force,  revolved 
round  8,  for  example,  in  a  circle  with  a  uniform  velocity,  it  would 
continue  to  revolve  round  it  in  the  same  circle  with  the  same  velo- 
city when  subject  to  the  force  here  supposed ;  for  the  effect  would 
be'  merely  that  the  two  bodies  with  their  circular  orbit  would  be 
transported  in  space  as  bodies  would  be  which  might  be  supposed  to 
have  any  motion  upon  the  deck  of  a  ship  in  full  sail. 

3172.  This  would  be  the  case  if  the  third  body  were  enormously 
distant  compared  icith  the  second,  —  But  in  order  to  impart  such  a 
force  to  B  and  P,  the  body  m  must  be  at  such  a  distance  from  them 
that  the  distance  between  s  and  P  should  subtend  at  M  a  visual  angle 
so  small  as  to  be  insensible;  since  otherwise  the  lines  of  M's  at- 
traction, being  sensibly  convergent,  would  not  be  parallel.  If  the 
distance,  however,  of  M  be  enormously  great  compared  with  the  dis- 


562  ASTRONOMY. 

taDce  between  8  and  p,  then  the  direction  of  m's  attraction  on  8  &nd 
p  will  be  sensibly  parallel ;  and  for  the  same  reason,  the  Tariatioa 
of  the  intensity  of  m's  attraction  will  be  likewise  inconsiderable, 
since  it  varies  inversely  as  the  sqnare  of  the  distance,  and  since,  bj 
the  supposition,  the  distance  of  p  from  s  is  quite  insignificant  com- 
pared with  the  distance  of  M  from  either  of  them. 

8173.  Example  of  a  force  supposed  to  act  on  the  solar  gystem, 
—  Thus,  if  we  suppose  that  the  solar  system  is  subject  to  the  at- 
traction of  some  mass  or  collection  of  masses  among  the  fixed  stats 
at  a  distance  so  prodigious  that,  compared  with  it,  the  whole  dimen- 
sions of  the  system  would  shrink  into  a  point,  such  an  attraction 
would  have  the  character  here  described,  and  the  whole  solar 
system  would  be  moved  by  it  with  a  common  motion  in  a  given 
direction,  all  the  bodies  composing  it  describing  parallel  lines  with 
the  same  velocity,  and  consequently  preserving,  so  far  as  they  are 
afiiected  by  this  common  motion,  their  relative  positions. 

3174.  Case  in  which  the  distance  of  third  body  is  not  compara- 
tively great.  —  Let  ua  now,  however,  suppose  that  the  third  body, 
M,  IS  placed  at  such  a  distance  from  p  and  s  that  it  acts  upon  them, 
not  only  in  difierent  directions,  but  with  forces  of  difierent  inten- 
sities, and  consequently  imparts  to  them  motions  which/ being 
neither  equal  nor  parulel,  must  necessarily  derange  their  relative 
positions,  and  which  consequently  give  rise  to  the  disturbing  foroe. 

The  question  then  remains  to  be  solved,  to  determine  the  intensity 
and  direction  of  the  disturbing  force,  being  given  the  intensities  and 
directions  of  this  attractions  exerted  by  the  mass  of  M  upon  p  and  & 

Let  the  distance  P8  =  r,  M8  =  r',  and  MP  =  2;.  If  mb  and 
B  p,  fg.  837,  express  respectively  the  masses  of  the  three  bodies,  m 
shall  have 

"  ,  .  M 

MS  attraction  upon  8  =  ^ 

m's  attraction  upon  p  s  .— 

Fig.  837.  b's  attraction  upon  p  =  -j, 

Now  let  us  imagine  two  forces  each  equal  to  m's  attraction  on  s, 

M 

that  is,  to  -^,  to  act  upon  p  in  opposite  directions ;  one  in  the  di- 
rection P  m  parallel  to  M  8,  and  the  other  in  the  direction  immedi- 
ately opposed  to  this.  These  two  forces  being  equal,  and  imme- 
diately opposed,  will  of  course  produce  no  effect  whatever  upon  p, 
and  therefore  their  introduction  is  allowable  without  involving  any 
change  in  the  mechanical  conditions  of  the  system.     But  the  force 
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which  now  acts  upon  p,  parallel  to  s  m,  and  opposite  to  P  m,  would 
impel  P  through  a  space  parallel  to  8  M  in  the  unit  of  time,  exactly 
equal  to  that  through  which  m's  attraction  upon  s  impels  s.  These 
two  forces,  therefore,  would  carry  p  and  8  in  parallel  directions 
through  equal  spaces  in  the  unit  of  time,  and  would  therefore  pro- 
duce no  disturbing  effect  (3170).  All  the  disturbance,  therefore, 
which  can  be  produced  upon  P  by  the  forces  in  operation  must  arise 
from  the  combined  action  of  the  two  forces  acting  upon  p :  1st  m's 
attraction  in  the  direction  p  M ;  and  2ndly,  a  force  equal  and  con- 
trary to  m's  attraction  on  8,  acting  in  the  direction  P  m  parallel  to 
M  8.  If,  therefore,  we  take  the  line  p  m  in  the  same  proportion  to 
p  M  as  the  attraction  of  M  upon  8  has  to  the  attraction  of  M  upon  p,. 
and  complete  the  parallelogram  pmxM,  the  diagonal  vx  will  ex- 
press, in  intensity  and  direction,  the  resultant  of  the  forces  expressed 
by  the  sides  Pm  and  pm;  in  other  words,  the  diagonal  Px  will 
express  in  quantity  and  direction  the  resultant  of  the  only  two  forces 
which  can  produce  a  disturbing  effect  upon  p.  Since  m's  attraction 
on  8,  represented  by  Mx,  is  to  m's  attraction  on  P,  represented  by 
M  p,  as  the  square  of  M  p  is  to  the  square  of  m  s^  it  follows  that 

sm'  :  pm'  ::  pm  :  Mx} 

or^  if  we  use  the  symbols  already  indicated,  we  shall  have 

f^  :  s^  ::  z:  Mas; 

and  consequently 

^^  =  pi GO 

We  shall  obtain  an  expression  for  s  x,  the  distance  of  the  point  x 
from  the  central  body  8,  by  subtracting  mx  from  8  m;  consequenUy, 

ga;  =  /-^,  =  — ^5--, 
Bat  since 

we  shall  have 

Bx  =  (/—z)x(l+^^  +  ^) (2.; 

By  either  of  these  formulas  (1)  or  (2),  the  direction  of  the  dis- 
turbing force  can  always  be  determined.  It  is  only  necessary  to 
take,  upon  the  line  joining  the  disturbing  and  central  bodies,  a 
space  MX  or  sx,  determined  by  one  or  the  other  formulae  (1) 
or  (2). 

3175.  To  determine  Ae  raUo  of  the  dttiiwrhmg  to  the  central 
force.  —  For  this  purpose  let 
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A  =  m's  attraction  on  P. 
a!  =  m'q  attraction  on  s. 
a"=  s's  attraction  on  M. 
D  =  the  disturbing  force  Px. 
p  =  b's  attraction  on  p. 

We  shall  then,  according  to  what  has  been  explained  above, 
h*ive — 

D_Pa;_  1^  a'  _  M  -^"^.tL 

a'       MX  s^'  a"       8  P        r^ 

By  mnltiplying  all  these  together  we  shall  obtain 
D       M      r*  -o> 

F=i^?''^^ ^^-^ 

Bj  this  formula  the  ratio  of  the  disturbing  force  D  to  the  central 
attraction  F  can  always  be  calculated  when  the  masses  of  the  dis- 
turbing and  central  bodies,  and  their  distances  from  each  other  and 
the  disturbed  body,  are  known;  for  in  such  cases  the  line  p as  can 
be  calculated  by  the  common  principles  of  trigonometiy ;  and  con- 
sequently — ,  or  the  ratio  of  the  disturbing  to  the  central  attraction, 

will  be  found. 

8176.  Hov)  the  direction  of  the  disturbing  force  varies  mth  tht 
relative  distances  of  the  disturbed  and  the  disturbing  from  the  cen- 
tral body,  —  By  the  formula  (1),  it  is  evident  that  M  x  will  be  less 
or  greater  than  /  according  as  2;  is  less  or  greater  than  / ;  and  that 
if  ;?  be  equal  to  /,  m  x  will  be  equal  to  M  s.  It  appears,  therefore, 
that  when  the  distance  of  M  from  P  is  less  than  its  distance  from  s, 
the  direction  of  the  disturbing  force  will  lie  between  M  and  s ;  that 
when  it  is  greater  than  p's  distance  from  8,  the  central  body  s  will 
lie  between  the  direction  of  the  disturbing  force  and  M ;  and  that 
when  M  is  equally  distant  from  s  and  p,  the  disturbing  force  will  be 
directed  to  s. 

This  appears  also  from  the  consideration  of  the  formula  (2) :  for 
if  z  =  r',  s  X  =  0,  which  indicates  that  the  disturbing  force  is  in 
that  case  directed  to  8 ;  and  according  as  /  is  greater  or  less  than 
«,  / — «,  and  therefore  8a;  is  positive  or  negative;  showing  that  in 
the  former  case  it  is  to  be  taken  from  s  towards  M,  and  in  £e  latter 
case  in  the  opposite  direction. 

To  trace  the  varying  direction  of  the  disturbing  force  during  the 
synodic  revolution  of  P  round  s,  we  must  consider  successively  the 
oases  in  which  the  disturbing  body  or  its  projection  on  the  plane  of 
p's  orbit  lies  outside  and  inside  that  orbit;  the  former  case  repre- 
senting the  disturbing  action  of  a  superior  upon  an  inferior,  and 
the  latter  that  of  an  inferior  upon  a  superior  planet.     We  shall 
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therefore  con^der,  in  the  first  instance,  the  effects  only  of  that 
component  of  the  disturbing  force  which  is  in  the  plane  of  the  dia- 
tnrbed  orbit,  and  afterwards  that  of  the  orthogonal  component. 

3177.  FiBST  Case.  The  component  of  the  disturbing  force 
tn  the  plane  of  the  orbit  when  the  disturbing  body  is  outkde  the 
orhU  of  the  disturbed  body,  —  Let  6,  fig.  838,  be  the  central 


and  M  the  disturbing  body ;  and  let  p„  Pg,  p,,  &o.  be  the  dis- 
turbed body  in  a  succession  of  its  synodic  positions. 

It  is  evident  from  the  formnlse  (1)  and  (2),  that  as  p  moves 
from  o,  taking  successively  the  synodic  positions  P„  V^^  Pj,  &o., 
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Zj  and  therefore  Mx,  oonsUntlj  increases;  snd  eonaeqaenllj  the 
point  where  the  direction  of  the  disturbing  force  meeto  the  lioe 
MS  constantly  approaches  s.  The  angle  sp,  x^  ohtaae  at  first^ 
becomes  less  and  less  so  at  Pi  and  pg,  until  at  a  certain  poiok 
P27  it  is  reduced  to  90^.  There  the  direction  P2  x^  of  the  dis- 
turbing force  is  therefore  that  of  the  tangent  to  p's  orbit;  and 
its  direction  being  opposed  to  p's  motion,  it  is  negatiye. 

After  passing  this  point  pg,  the  angle  formed  by  the  disturb- 
ing force  with  the  direction  PM  becomes  less  than  90^.  When 
the  distance  P  M  becomes  equal  to  s  m,  as  at  p^,  the  directioo 
of  the  disturbing  force,  according  to  what  has  been  shown  (3176), 
passes  through  s,  and  accordingly  x^  coincides  with  s. 

After  P  passes  this  position,  the .  direction  of  the  distorbing 
force  passes  above  s  as  at  p^  Xsf  the  angle  M  P  a;  increasing.  At 
a  certain  point  Pg  this  angle  again  becomes  90^;  and  the  direc- 
tion Pf  ace  of  the  disturbing  force  being  at  right  angles  to  sp, 
becomes  tangential.  The  point  x  continues  to  reoede  &om  s 
until  p  arrives  at  0. 

While  P  passes  from  0  to  o  through  the  other  half  of  its 
synodic  revolution,  the  direction  of  the  disturbing  force  under- 
goes like  changes,  but  in  a  contrary  order,  being  tangentaal  at 
Ts  and  p,',  and  radial  at  p/, — ^points  which  severally  correepoDd 
to  Pe,  Pg,  and  P4  in  the  other  half^synodic  revolution. 

8178.  To  determine  the  sign  of  each  of  the  components  of  the 
disturbing  force,  in  each   successive  point  of  the  orhiL  —  Com- 

M 


mencing  at  o,  m's  attraction  on  p  will  be  -p-^ — ~r^  and  fit's  attraction 


on  s  will  be  -7^.     The  former  being  greater  than  the  latter,  the  dis- 

T 

turbing  force  D,  exerted  on  p,  will  be 

M  M_  /        1  Iv 

and  this  force  being  directed  from  P  to  M  will  be  opposed  to 
the  central  attraction,  and  will  therefore  be  negative. 

While  p  passes  over  the  arc  0  Pg,  this  negative  radial  00m- 
ponent  gradually  diminishes,  and  the  tangential  component,  which 
at  o  is  nothing,  gradually  increases,  being  also  negative.  When 
p  arrives  at  Pg,  the  negative  radial  component  vanishes,  and  the 
whole  disturbing  action  consists  of  a  negative  tangential  force. 

After  passing  pg  the  radial  component  changes  its  sign  aod 
becomes  positive,  the  tangential  component  continuing  to  be  nega- 
tive and  to  diminish.  From  Pg  to  P4,  as  for  example  at  p„  the 
negative  tangential  component  gradually  diminishes,  and  vanishes 
altogether  at  P4,  while   the  positive   radial   component  increasesy 
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mnd  at  P4,  consiitateB  the  whole  disturbing  force^  being  then 
directed  to  8. 

After  passing  v^,  as  for  example  at  P5,  the  tangential  component 
changes  its  sign,  and  becomes  positive,  so  that  both  components 
of  the  disturbing  force  are  positive,  the  radial  component  now  de- 
creasing. 

When  p  arrives  at  p^,  the  radial  component  vanishes,  the  whole 
disturbing  force  becoming  tangential. 

After  passing  p,  the  radial  component  agun  changes  its  sign,  and 
becomes  negative,  as  at  P7,  and  increases  continually  to  c,  the  posi- 
tive tangential  component  at  the  same  time  continually  decreasing, 
and  becoming  =  0  at  0.  At  this  point  c,  therefore,  the  disturbing 
force  is  wholly  radial,  and  is  negative,  being  therefore  in  antagonism 
not  only  with  the  central  attraction  of  s,  but  with  the  immediate 
attraction  of  M,  which  is  its  cause. 

It  may  be  naturally  asked,  how  it  can  happen  that  the  attracting 
force  of  M  produces  a  disturbing  force  in  immediate  opposition  to  its 
own  direction  J    This,  however,  is  easily  explained,     m'b  attraction 

on  8  being  -^  and  m's  attraction  on  p  at  0  being  ^ r^,  the  for- 
mer being  greater  than  the  latter,  we  shall  have  the  disturbing 
force 

which  is  negative  :  in  fact,  s  is  attracted  towards  M  with  a  greater 
accelerating  force  than  P,  and,  consequently,  s  and  p  are  caused  to 
separate  from  each  other  by  a  space  equal  to  the  difference  of  the 
two  attractions,  which  is  equivalent  to  a  repulsion  acting  from  8 
upon  p,  or,  what  is  the  same,  a  negative  disturbing  force. 

The  tangential  component  vanishing  at  c  changes  its  sign ;  the 
radial  component,  however,  continuing  negative.  From  c  to  p/,  for 
example  at  P7',  therefore,  both  components  are  negative,  and  the 
radial  component  gradually  diminishes  until  p  arrives  at  p,',  when  it 
vanishes,  the  whole  disturbing  action  being  a  negative  tangential 
force. 

After  passing  p/,  as  for  example  at  P5',  the  radial  component 
changing  its  sign  becomes  positive,  the  tangential  component  con- 
tinuing negative  and  decreasing  gradually  until  it  vanishes  when  P 
arrives  at  p/,  at  which  point  the  whole  disturbing  action  is  a  positive 
radial  force. 

After  passing  p/,  as  for  example  at  p,',  the  tangential  component 
again  changes  its  sign  and  becomes  positive ;  both  components  are, 
therefore,  positive  to  V2,  where  the  radial  component  becomes  no  • 
thing,  and  the  whole  disturbing  action  consists  of  a  positive  tangen* 
tial  force. 
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Aflter  passing  p/,  as  for  example  at  p/,  the  radial  oomponeat 
again  changes  its  sign  and  becomes  negative ;  the  tangential  compo- 
nent continuing,  however,  positive,  until  p  arriving  at  o  completes 
its  revolution. 

3179.  Diagram  illustrating  these  changes  of  directions. — In 
the  diagram  we  have  indicated  in  an  obvious  waj  these  successive 
changes  of  the  directions  of  the  components  of  the  distarbing  force, 
the  radial  component  being  expressed  by  r,  and  the  tangential  by  ^ 
and  their  quality  or  value  being  expressed  by  the  symbols  +,  — » 
or  o,  which  follow  them.  The  diagram,  though  appearing  at  first 
view  complicated,  is  really  simple  and  easily  understood  3  and  the  indi- 
cations given  will  be  found  by  the  student  to  be  extremely  conre- 
nient  and  useful. 


Fig.  839. 


PROBLEH  OF  THREE  BODIES.  669 

8180.  Second  Case,  in  which  the  disturbing  body  is  within  the 
disturbed  orbit, — Let  us  now  sappose  that  M  is  within  p^s  orbit,  as 
in  Jig.  839,  and  that  its  distance  ^m  the  central  body  s  is  greater 
than  half  the  radins  of  p's  orbit  Taking,  as  before,  the  disturbed 
body  p  in  a  succession  of  positions  P|,  Pg,  P^,  P4,  &o.,  tlie  direction  of 
the  disturbing  forces  P|  a:,,  Ps  oc^,  Ps  0C9,  &c.,  &c.,  is  found  in  the 
aame  manner  exactly  as  before. 

Nov  it  will  be  easy  to  perceive,  by  following  the  lines  upon  the 
diagram,  how  the  direction  of  tho  disturbing  force  varies  with  rela- 
tion to  M  and  8.  At  a  point  such  as  p,  it  fiills  at  sp,,  between  m  and 
B ;  at  p^  where  H  P,  =  m  s,  it  is  directed  to  s,  as  has  been  already 
proved.  At  this  point,  therefore,  the  disturbing  force  is  wholly 
radial.  When  P  has  advanced  to  the  position  P4,  at  which  the 
direction  of  the  disturbing  force  is  at  right  angles  to  the  radius  vector 
8  P4,  it  is  wholly  tangential,  the  radial  force  vanishing. 

At  0,  where  H 's  attraction  is  at  right  angles  to  the  tangent,  the 
tangential  force  vanishing,  the  disturbing  force  is  wholly  radial. 
In  the  semicircle  described  by  p  in  passing  from  0  to  0,  there  are 
two  points,  p/  and  p/,  correspondiug  to  the  points  P4  and  Pg,  at  the 
former  of  which  the  radial,  and  the  latter  the  tangential,  component 
vanishes. 

3181.  Changes  of  sign  of  the  components  in  this  case,  —  It  will 
now  be  easy  to  trace  the  successive  changes  of  direction  of  each  of 
the  components  of  the  disturbing  force  to  which  p  is  subject  in  the 
snocessive  positions  which  it  assumes  throughout  its  synodic  period. 

At  O;  m's  attraction  upon  P  is     _^  , ,,  and  m's  attraction  on  s  is 

-^ ;  and  since  both  these  attractions  are  directed  towards  M,  the 

relative  effect  upon  P  and  s  will  be  their  sum ;  and  therefore  P  and 
B  will  be  attracted  towards  each  other  by  a  disturbing  foroC;  the 
value  of  which  will  be^ 


In  this  case  it  is  obvious  that  the  disturbing  force  will  be  wholly 
radial  and  positive,  the  tangential  force  being  nothing,  inasmuch  as 
the  direction  of  the  disturbing  force  is  at  right  angles  to  the  tangent. 
When  the  body  leaving  o  moves  towards  p,,  the  radial  force,  being 
still  positive,  gradually  decreases,  and  the  tangential  force  being 
inclined  below  the  radius,  will  act  against  p's  motion,  and  therefore 
be  negative.  As  P  moves  forward,  the  negative  tangential  forco 
gradually  decreases;  and  when  p  arrives  at  Pg,  where  its  distance 
from  M  is  equal  to  that  of  s  from  Mg,  the  disturbing  force  beiug 
wholly  radial,  the  tangential  force  vanishes.    After  passing  this 

48* 
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point,  as  for  example  at  Pg,  the  taDgential  force,  obanging  its  sign, 
becomes  positive  as  well  as  the  radial  force,  and  both  forces  continoe 
to  be  positive,  the  radial  force  gradually  decreasing  nntil  the  bodj 
arrives  at  P4,  where  the  radial  force  vanishes,  the  distnrbing  force 
taking  the  direction  of  the  tangent,  and  being  still  positive. 

After  passing  this  point,  the  radial  force,  changing  its  sign, 
becomes  negative  as  at  Pg,  the  tangential  force  still  being  positive^ 
and  gradually  decreasing.  This  latter  vanishes  when  P  arrives  at  c, 
where  the  whole  disturbing  force  is  radial  and  negative.  After 
passing  this  point,  the  negative  radial  force  gradually  diminishes, 
and  the  tangential  component,  changing  its  direction  as  at  p/,  be- 
comes, like  the  radial  component,  negative.  On  arriving  at  p/,  the 
radial  component  having  gradually  decreased,  vanishes,  the  whole 
disturbing  force  being  tangential  and  negative. 

Passing  this  point,  the  radial  component  changing  its  sign  becomes 
positive  as  at  P,',  the  taogcDtial  component  being  still  negative.  Oa 
arriving  at  p/,  the  tangential  component  having  gradually  decreased, 
vanishes,  and  the  whole  disturbing  force  is  radial  and  positive. 
After  passing  this  point,  aa  for  example  at  p/,  the  tangential  com- 
ponent, as  well  as  the  radial  component,  is  positive;  and,  in  fine, 
when  the  body  returns  to  0,  the  tangential  component  vanishes,  and 
the  radial  component  is  positive. 

All  these  changes  are  indicated  on  the  diagram  in  the  same 
manner  as  in  the  former  case. 

We  have  here  supposed  that  the  distance  of  M  from  s  is  greater 
than  half  the  distance  o  s,  and  we  have  accordingly  seen  that  there 
are  only  two  certain  points  P,  and  Ps'  in  each  semicircle  where,  the 
distance  of  P  and  s  from  M  being  equal,  the  tangential  component 
vanishes,  and  the  whole  disturbing  force  becomes  radial.  If  M  be 
supposed  gradually  to  approach  the  middle  point  of  s  0,  these  points 
Pa  and  Pg'  will  assume  positions  gradually  nearer  and  nearer  to  the 
point  0 ',  and  when,  in  fine,  M  coincides  with  the  middle  point  of 
8  o,  these  two  points  P,  and  Pg'  will  coalesce  with  the  point  o.  In 
this  case  there  will  be  no  point  in  either  semicircle  at  which  the 
disturbing  force  will  be  wholly  radial ;  but  there  will  still  be  the 
points  P4  and  p/,  at  which  it  will  be  wholly  tangential,  and  accord- 
ingly the  orbit  in  this  case  will  be  divided  into  only  four  arcs,  sepa- 
rated by  the  points  P4  and  P4'  at  which  the  distnrbing  force  is  exclu- 
sively tangential,  and  the  points  o  and  C  at  which  it  is  exclusively 
radial. 

The  same  observations,  mutatis  mutandis^  will  be  applicable  when 
M  lies  between  the  middle  point  of  the  radius  s  o  and  s. 

3182.  General  summary  of  the  changes  of  direction  of  the  radial 
and  transversal  components  of  the  disturbing  force  during  a  synodic 
period  of  the  disturbed  body,  —  It  will  be  convenient,  as  well  for 
the  purposes  of  reference  as  to  impress  them  on  the  memory,  to 


PROBLEM  OF  TDRBE  BODIES. 


671 


collect  here,  and  arrange  in  jaztaposition,  the  several  changes  of 
direction  which  the  components  of  the  disturbing  force  in  the  plane 
of  the  disturbed  orbit  undergo  during  a  synodic  period  of  p.  This 
is  done  in  the  following  table,  the  signs  retaining  the  significations 
already  given  to  them : —  # 


DbtaitiiBf  Bodj  wtoid*  tbc  Orbit 
of  tie  dittiirbed  Body. 

Body, 

f  freatar  UuLii 

r. 

7*  Icn  tbui r,  but  grMtcr  Iku  lit. 

r*  Bot  gmtor  tbaa  X  r. 

Ptoea  of  P. 

R 

T 

Place  of  P. 

R 

T 

Plaeo  of  P. 

R 

T 

0 

AtO 

0 

AtO 

+ 

0 

AtO 

From  0  to  Ps 

— 

•^ 

From  0  to  P« 

+ 

— 

From  0  to  Pa 

+ 

+ 

AtPs 

0 

— . 

AtPa 

+ 

0 

At  Pa 

0 

+ 

From  Pa  to  P4 

+ 

— 

From  Pi  to  P4 

+ 

+ 

From  P4  to  0 

-f 

AtP« 

+ 

0 

AtP« 

0 

+ 

AtC 

.1^ 

0 

From  P<  to  Pa 

+ 

+ 

From  P4  to  C 

— 

+ 

From  C  to  Pf' 

_ 

At  Pi 

0 

+ 

AtC 

— 

0 

AtPt' 

0 

__ 

From  Pb  to  0 

.1^ 

+ 

From  C  to  P4' 

.1^ 

_ 

From  P4'  to  0 

+ 

__ 

Ate 

— 

0 

AtP4' 

0 

— 

From  C  to  Pa' 

— 

.1^ 

From  P4'  to  P/ 

+ 



At  Pa' 

0 

•^ 

AtP*' 

+ 

0 

From  Pa'  to  P«' 

+ 

— 

From  Pi'  to  0 

+ 

+ 

AtP«' 

+ 

0 

From  P4'  to  V^ 

+ 

+ 

At  Pi' 

0 

+ 

From  Pf  to  0 

*"" 

+ 

3183.  Varying  effects  of  the  orthogonal  component  during  a 
st/nodic  revolution,  —  If  a  triangle  be  imagined  to  be  formed  by 
lines  drawn  joining  the  places  of  the  central  body  s,  the  disturbed 
body  P,  and  the  disturbing  body  M,  the  plane  of  this  triangle  will 
in  general  be  inclined  at  some  angle  to  the  plane  of  p's  orbit.  The 
direction  of  the  disturbing  force,  according  to  what  has  been  shown, 
will  be  that  of  a  line  drawn  from  p  in  the  plane  of  this  triangle, 
meeting  the  line  M  s  either  between  M  and  s,  at  s,  or  beyond  s, 
according  to  the  relative  magnitude  of  M  9  and  MP.  If  M p  be  less 
than  M  s,  then  the  direction  of  the  disturbing  force  will  meet  M  s 
between  M  and  6 ;  if  M  p  =  M  s,  its  direction  will  be  that  of  the  line 
p  s ;  and,  in  fine,  if  M  p  be  greater  than  M  s,  its  direction  will  meet 
the  prolongation  of  M  s  beyond  s. 

On  considering  these  various  directions  of  the  disturbing  force,  it 
will  be  evident  that  when  M  p  is  less  than  M  s  its  direction  will  lie 
on  the  same  side  of  the  plane  of  p's  orbit  with  the  disturbing  l-^idy 
M,  and  the  orthogonal  component  being  therefore  directed  towards 
that  side,  will  have  a  tendency  to  bring  the  plane  of  the  disturbed 
orbit  nearer  to  M. 

When  MP  is  greater  than  MS,  on  the  contrary,-the  direction  of 
the  disturbing  force  meeting  the  prolongation  of  the  line  M  s  beyond 
8;  must  lie  on  the  side  of  the  plane  of  p's  orbit,  different  from  that 
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at  whieh  H  is  placed ;  and  tbe  orthogonal  component  being  in  that 
case  directed  to  the  same  Bide^  would  have  a  tendency  to  deflect  the 
plane  of  P*fl  orbit /row  m. 

In  the  former  case,  the  orthogonal  component  would  decrease, 
and  in  the  latter  it  would  increase  the  angle  at  which  the  line 
M  8  is  inclined  to  the  plane  of  p's  orbit. 

When  MP  =  M8,  the  disturbing  force,  being  directed  from 
p  to  8,  would  act  in  the  plane  of  p's  orbit,  and  would  conse- 
quently have  no  effect  in  changing  that  plane. 

If  M  be  situate  anywhere  in  the  plane  of  p's  orbit^  which 
will  be  the  case  whenever  it  passes  through  the  nodes  of  its 
own  and  p's  orbit,  the  three  bodies  being  in  the  same  plane,  the 
orthogonal  component  of  the  disturbing  force  will  be  nothing. 

Thus  it  appears  that  the  orthogonal  component  will  vanish  at 
each  passage  of  M  through  p's  nodes;  and  also  at  each  of  the 
points,  if  any  such  there  be,  at  which  m  and  P  are  equally  dis- 
tant from  8. 

3184.  Periodic  and  secular  perturbations.  —  From  what  has 
been  explained  in  the  present  and  the  preceding  chapter,  it 
appears  that  the  several  components  of  the  disturbing  force  pro- 
duce contrary  effects  on  the  elements  of  the  disturbed  orbit  when 
they  have  contrary  signs,  and  that  they  are  severally  aubject  to 
a  succession  of  changes  of  siffn  during  the  synodic  revolation  of 
the  disturbed  and  the  disturbing  bodies.  The  several  elements 
of  the  disturbed  orbit  will  therefore  be  in  a  continual  state  of 
oscillation,  from  these  alternate  actions  of  the  components  of  the 
disturbing  force  in  one  direction  and  the  other. 

If,  in  all  cases,  the  sum  of  the  effects  produced  by  the  action 
of  each  component  while  positive  were  equal  to  the  sum  of  its 
effects  while  negative,  the  elements  would  oscillate  round  a 
fixed  and  invariable  state.  They  would  pass  through  all  their 
variations  when  the  disturbed  and  disturbing  bodies  would  have 
assumed  all  their  possible  varieties  of  position  with  relation  to 
the  central  body,  and  they  would  then  recommence  the  same  suc- 
cession of  changes. 

The  mean  values  of  all  the  elements  of  the  disturbed  orbit 
would  in  this  case  be  constant  Thus  the  major  axis  would 
alternately  increase  and  decrease  between  fixed  limite,  but  its 
mean  value  would  be  always  the  same.  In  like  manner,  tbe 
eccentricity  and  inclination  would  alternately  increase  and  decrease, 
having  a  constant  mean  value;  and  the  like  would  be  true  of 
the  other  elements. 

But  if,  on  the  contrary,  it  were  found,  on  companog  the  sum 
of  the  positive  with  the  sum  of  the  negative  effects  of  any  of 
the  components,  that  the  sum  of  all  the  effects  while  positive 
were  not  exactly  equal  to  the  sum  of  the  effects  while  negative, 
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bnt  that  a  certain  minute  difference  or  residual  phenomenon 
always  remains  nneffaccd,  it  is  evident  that  this  residuum,  how- 
ever small  it  may  be,  must  accumulate  until  at  length  it  will 
attain  a  magnitude  which  will  tell  in  a  very  sensible  manner, 
and,  if  a  still  longer  series  of  periods  be  waited  for,  would  totally 
change  the  elements  of  the  disturbed  orbit. 

It  must  be  observed  that  the  interval  which  leaves  this  resi- 
duum uncompensated,  is  one  during  which  the  disturbed  and 
disturbing  bodies  pass  through  all  possible  varieties  of  configu- 
ration, taking  into  the  account  not  merely  their  directions  with 
relation  to  the  central  body,  but  their  positions  with  relation  to 
the  apsides  of  their  respective  orbits.  It  is  only  after  assuming 
all  the  varieties  of  relative  position  and  distance,  arising  as  well 
from  the  relative  changes  of  direction  of  M  and  p  as  viewed 
from  8,  as  from  their  changes  of  position  in  their  respective 
orbits  with  relation  to  their  points  of  perihelion  and  aphelion, 
that  the  components  of  the  disturbing  force  complete  their  round 
of  effects,  and  recommence  another  series  of  actions.  It  is  the 
residual  phenomena  which  remain  uneffaced  after  this-  interval, 
which,  accumulating  for  a  long  succession  of  ages,  produce  the 
ultimate  changes  of  the  elements  now  referred  to. 

It  appears,  therefore,  that  there  are  two  extremely  different 
classes  of  inequalities  as  they  are  called,  which  arise  from 
the  operation  of  the  disturbing  force. 

Ist.  Those  which  vary  with  and  depend  on  the  configuration 
of  the  disturbed  and  disturbing  bodies  with  relation  to  the  cen- 
tral body,  taking  into  the  account  not  only  their  relative  direc- 
tions as  seen  from  the  central  body,  and  their  varying  distance 
from  each  other,  but  also  their  varying  distances  from  the  cen- 
tral body,  owing  to  the  elliptic  form  of  their  orbits. 

These  inequalities  necessarily  pass  through  all  their  phases, 
complete  their  periods,  and  recommence  the  same  succession  of 
changes,  when  the  disturbed  and  disturbing  bodies  have  passed 
through  all  their  possible  varieties  of  configuration;  and,  conse 
quently,  their  several  periods  must  be  less  than  the  interval 
within  which  this  succession  of  configurations  is  completed. 

These  are  denominated  periodic  inequalities. 

2nd.  Those  which  arise  from  the  accumulation  of  the  residual 
phenomena  already  mentioned,  as  being  in  some  cases  uneztin* 
guished  by  the  opposite  effects  of  the  positive  and  negative  compo* 
nents  of  the  disturbing  force,  acting  during  that  interval  of  time 
within  which  the  bodies  assume  all  their  possible  varieties  of  con- 
figuration. It  will  appear  hereafter  that  these  residual  phenomena 
are  generally  of  very  small  value,-^so  small  as  to  be  rarely  sensible 
to  observation  until  they  have  been  allowed  to  accumulate  for  a  long 
succession  of  periods. 
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It  IS,  ibereftnre,  evident  that  these  latter  inequalities  are  inoorapa* 
rahlj  Blower  in  their  progressive  development  than  the  former,  and 
consequently  the  intervals  of  time  within  which  they  complete  their 
changes  are  proportionally  more  protracted.  These  have^  accord- 
ingly, been  denominated  secular  inequalities. 

It  must  not,  however,  be  imagined  that  these  are  less  really  peri- 
odic than  the  former.  The  only  difiference  in  that  respect  between 
the  two  classes  of  phenomena  is  in  the  length  of  their  periods. 
Where  those  of  the  former  may  be  expressed  by  years,  those  of  the 
latter  will  be  expressed  by  centuries. 


CHAP.  XXL 

LUNAR    THEORY. 

8185.  Lunar  theory  an  important  case  of  tJie  problem  of  Aree 
hodies.  —  The  most  remarkable  example,  and  in  many  respects  the 
most  interesting,  of  the  application  of  the  principles  explained  in 
the  last  chapter  for  the  solution  of  the  problem  of  three  bodies,  is 
unquestionably  that  which  is  presented  by  the  lunar  theory,  in  which 
the  central  bodv  s  is  the  earth,  the  disturbed  body  p  the  moon,  and 
the  disturbing  Dody  M  the  sun. 

This  application  of  the  theory  of  perturbation  is  interesting,  not 
so  much  because  of  the  physical  importance  of  the  moon,  as  be- 
cause, by  the  proximity  of  that  body,  perturbations  produced 
upon  it  become  conspicuously  observable,  which  in  any  other  body 
of  the  solar  system  would  be  inappredable  by  reason  of  its  remote- 


The  lunar  perturbations,  moreover,  present  another  feature  of 
interest,  as  compared  with  those  of  the  planets,  by  reason  of  the 
comparative  shortness  of  their  cycles, — ^phenomena,  which,  in  the 
case  of  the  planets,  require  a  succession  of  ages  to  complete  their 
periods,  passing,  in  the  case  of  the  moon,  through  all  their  phases, 
and  returning  upon  themselves,  in  the  course  of  a  few  years. 

3186.  It  supplies  striking  proof  of  the  truth  of  the  theory  of 
gravitation.  —  But  transcendantly  the  most  interesting  and  import- 
ant circumstance  attending  the  lunar  theory  is,  the  remarkable  evi- 
dence it  has  afforded  in  support  of  the  theory  of  gravitation.  The 
perturbations  of  the  lunar  motions  being,  for  the  most  part,  of  con- 
siderable magnitude,  and  recurring  after  short  intervals,  were 
observed,  and  the  laws  of  mauy  of  them  ascertained,  at  a  very  early 
epoch  in  the  progress  of  astronomical  science,  and  long  before  the 
discovery  of  gravitation  had  disclosed  their  physical  causes.  Several 
of  these  pheuomena  were  explained  by  the  illustrious  author  of  that 
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AeoTj,  some  perfectly^  others  imperfeotly ;  and  those  which  remaiDed 
unexplained  or  imperfectly  explained  hy  him  have  since  been  fully 
and  satisfactorily  accounted  for,  upon  the  principles  which  form  the 
foundation  of  hia  physical  theory. 

3187.  The  «m  alone  tendhly  disturbs  the  moon. — ^The  only  body 
in  the  system,  which  produces  a  sensible  disturbing  effect  upon  the 
moon,  is  the  sun ;  for  although  several  of  the  planets  when  in  oppo- 
sition or  inferior  conjunction,  come  within  less  distances  of  the 
earth,  their  masses  are  too  inconsiderable  to  produce  any  sensible 
disturbing  effect  upon  the  moon's  motion.  The  mass  of  the  sun, 
on  the  contrary,  is  comparatively  so  prodigious  that,  although  the 
radius  of  the  moon's  orbit  bears  so -small  a  ratio  to  the  sun's  dis- 
tance, and  although  lines  drawn  from  the  sun  to  any  part  of  that 
orbit  may  be  regarded  as  sensibly  parallel,  the  difference  between 
the  forces  exerted  by  the  sun  upon  the  moon  and  earth,  so  &r  from 
being  insensible,  produces  on  the  contrary  those  perturbations  which 

it  is  our  purpose  in  the  present 
chapter  to  explain. 

8188.  Lines  of  tyzygy  and 
quadrature,  —  Let  8,  fig,  840,  re- 
present the  place  of  the  earth; 
"^ly  Pfy  Ps9  ^'i  representing  succes- 
sive positions  of  the  moon  in  its 
orbit^  which,  for  the  present,  we 
shall  consider  to  be  circular.  Let 
0  o  be  that  diameter  of  the  lunar 
orbit  which  is  directed  to  the  sun, 
0  being  the  point  of  conjunction, 
and  o  the  point  of  opposition.  Let 
P4  8  1^4  be  drawn  through  s  at 
ir^  right  angles  to  00;  the  points  P4 
p^4  will  then  be  the  points  of  quad- 
rature* 

The  line  0  0  is  called  the  linb 
or  STZTQiEs;  and  the  line  P4P'4 

the  IiINB  or  QUADRATURES. 

We  shall,  for  the  present,  con- 
sider only  that  oomponent  of  the 
sun's  disturbing  force  which  is  in 
the  plane  of  the  moon's  orbit ;  and 
shall,  therefore,  speak  of  the  sun  as 
if  it  were  placed  in  the  prolongation 
of  the  line  so. 

The  moon  being  supposed  to 

move  synodically  in  the  direction 

Fig.  84a,  0  Pj  Pg,  &Gi^  we  shall  distinguish 
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0  P4  as  the  first  quadrant,  p^  o  as  the  second,  o  F^4  as  the  thirdi  and 
p'^  c  as  the  fourth  quadrant  of  the  synodic  revolution. 

3189.  Direction  of  ike  duturhing  force  of  the  sun.  —  If  we  sup- 
pose the  moon  at  any  point,  such  as  P,  in  the  first  quadrsnt,  and 
if  we  draw  Pi  yi  at  right  angles  to  s  c,  the  direction  of  the  sun's 
disturbing  force  acting  at  p,  will  be  found  by  taking  BXi^  =3  syt, 
and  drawing  Pi  x^  which  will  then  be  the  direction  of  the  disturbing 
force. 

To  prove  this,  we  have  to  observe  that  p,  and  f/i  may  be  consi- 
dered as  equally  distant  from  the  sun.  Let  their  common  distance 
be  expressed  by  2;,  and  let  the  sun's  distance  from  s  be  expressed 
by  /,  and  the  moon's  distance  by  r. 

We  shall  then  by  the  formula  [2]  (3174)  have 

But  since  the  moon's  distance  bears  an  insignificant  proportion 
to  that  of  the  sun,  being  only  a  400th  part  of  it,  we  may  consider 

«  =  /,  and  consequently  -^  =  1,  and  therefore  we  shall  have 

8  2^1  =  3  8^1. 

Whatever,  therefore,  may  be  the  synodic  position  of  the  moon, 
this  supplies  an  easy  and  simple  method  of  determining  the  direc- 
tion of  the  sun's  disturbing  force  upon  it.  Thus,  if  the  moon 
be  at  P2,  draw  P|  y^  at  right  angles  to  s  c,  and  let  8  2j  =  3  sy, 
and  the  line  Pg  0:2  will  be  the  direction  of  the  disturbing  force 
at  Pg. 

It  is  evident  that,  as  the  mopn  approaches  its  western  quadra- 
ture, the  distance  of  the  perpendicular  P,  y^  p,  y,,  &c.,  ^m  s  con- 
stantly diminishes ;  and,  therefore,  the  distance  8  o:^  8  rr,,  &c.,  which 
is  always  three  times  that  distance,  also  constantly  diminishes,  so 
that  the  point  where  the  direction  of  the  disturbing  force  meets  the 
line  of  syzygies,  constantly  approaches  s,  as  the  moon  approaches 
P4;  and  when  the  moon  arrives  at  P4,  the  perpendicular  on  00 
passes  through  s.  When  the  moon  arrives  at  its  western  quadra- 
ture, the  disturbing  force  of  the  sun  is  therefore  directed  along  the 
line  P4  8  to  the  earth.  After  the  moon  passes  the  western  quadra- 
ture, and  moves  through  the  second  quadrant,  the  perpendiculars 
"^z  {fz}  ^t  }/%y  ^i  y'i>  ^'}  ™eet  the  line  of  syzycies  above  s ;  and  as 
the  moon  advances  the  distance  of  y,,  y,*  yiy  &0y  from  s,  con- 
stantly increases.  Now,  the  direction  of  the  disturbing  force  being 
still  determined  by  the  same  principle,  it  will  in  all  cases  meet  the 
line  of  syzygies  at  a  point  above  8,  at  a  distance  from  8  always  three 
times  the  distance,  s^,,  8^8;  8y„  &o.     Thus,  when  the  moon 
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takes  snccesfflvely  tbe  positions  p^,,  p^j;  ^u  ^v  ^^^  disttarbing  foroe 
takes  saccessivelj  the  directions  f's  ^'s?  p'i  a/g,  P^i  a;'i,  &o. 

Without  pursuing  these  considerations  further^  it  will  be  eyident 
that,  in  moving  through  the  first  quadrant,  the  direction  of  the  difl- 
turbing  force  intersects  the  line  of  syiygies  below  8 ;  and  in  moving 
tbnragh  the  second  quadrant^  intersects  it  above  s ;  and  the  same 
reasoning  will  show  that,  in  moving  through  the  fourth  quadrant, 
the  disturbing  force  intersects  the  line  of  sjzygies  below  8  in  the 
same  manner  as  in  the  first  (juadrant ;  and  in  moving  through  the 
third  quadrant,  it  intersects  it  above  8  in  the  same  manner  as  in 
the  second  quadrant ;  and  it  is  farther  evident,  that  at  corresponding 
points  in  the  third  and  fourth  quadrants  the  direction  of  the  dis- 
turbing force  intersects  the  line  of  syzygies  at  the  same  points  as  in 
the  second  and  first  quadrants. 

3190.  Points  where  the  disturbing  force  is  wholfy  radial  and 
wholly  tangenHal.  —  From  what  has  been  explained  it  appears, 
that  the  disturbing  force  at  quadratures  being  directed  to  the 
earth,  is  wholly  radial'  and  positive. 

It  is  easy  to  show  that  at  syzygies  it  is  also  wholly  radial, 
but  negative;  for  at  this  place  the  sun's  attraction  is  obviously 
at  right  angles  to  the  tangents  of  the  moon's  orbit  at  o  and  o, 
and  as  the  whole  attraction  is  thus  perpendicular  to  the  tangent, 
and  the  disturbing  force  is  equal  to  the  di£ference  of  the  attract- 
ing force  exerted  by  the  sun  upon  the  moon  and  upon  the  earth, 
it  is  clear  that  disturbing  force  is  also  perpendicular  to  the  tan- 
gent, and. therefore  radial,  since  the  moon's  orbit  is  here  assumed 
to  be  sensibly  circular. 

To  determine  the  points  at  which  the  disturbing  force  of  the 
sun  assumes  the  direction  of  a  tangent  to  the  moon's  orbit,  let 
p,  be  that  point  in  the  first  quadrant.  We  shall  then  have  the 
angle  SP,  ar,  =  90°,  and  consequently 

and  consequently, 


And  it  appears  by  the  trigonometrical  tables  that  the    angle 


whose  tangent  is   4  /  2  is  54**  44'  7". 


Thus  it  follows  that  the  synodic  position  of  the  moon  m  the 
first  quadrant  at  whieh  the  distnrbing  force  is  wholly  tangoBtud| 
m.  49 
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acting  in  tbe  direction  Ps  sc,  agunst  the  moon's  motion,  ia  at  ih» 
distance  of  54°  44'  7"  from  conjunction.* 

It  will  follow  in  the  same  manner,  that  the  disturbing  force 
in  the  second  quadrant  will  be  wholly  tangential  at  a  point  p^, 
whose  distance  from  opposition  o  is  54°  44'  7";  and  in  like 
manner,  it  will  be  tangential  at  points  in  the  third  and  fiist 
quadrants  which  are  at  like  distances  from  opposition  and  ood- 
junction. 

Thus  it  appears  that  in  the  synodic  orbit  of  the  moon  there 
are  four  points,  viz.,  opposition,  conjunction,  and  quadratures,  at 
which  the  son's  disturbing  force  is  wholly  radial,  being  directed 
from  the  earth,  and  therefore  negative  at  opposition  and  con- 
junction, and  directed  towards  it,  and  therefore  positive  at  quad- 
ratures; and  four  other  points  at  distances  of  54°  44'  7"  on 
either  side  of  opposition  and  conjunction,  at  which  it  is  wholly 
tangential,  being  in  the  direction  of  the  moon's  motion  and  there- 
fore positive  in  the  second  and  fourth  quadrants,  and  oontruy 
to  the  moon's  motion  and  therefore  negative  in  the  first  and 
third  quadrants. 

8191.  Intennttes  of  the  disturbing  forces  at  syzygies  and 
quadratures,  —  Let  the  intensity  of  the  disturbing  force  at  con- 
junction  be  j/j  at  opposition  d",  and  at  quadratures  D. 

If  we  take  the  radius  of  the  moon's  orbit  as  the  unit,  the 
distance  of  the  sun  from  the  moon  in  quadrature  will  be  400, 
in  conjunction  899,  and  in  opposition  401,  and  the  son's  at- 

traction  upon  the  moon  in  these  three  poeitions  will  be  jrr^ 

8  S 

'oQQV  ^^^  Ao^i  >   ^^^  ^^^  ^^^  disturbing  foroe  at  oonjonction 

and  opposition  are  the  differences  between  the  whole  attractions 
exerted  by  the  sun  upon  the  moon  and  upon  the  earth,  we  shall 
have, 

The  disturbing  force  D  exerted  at  P4  will  be  to  the  sun's 
entire  attraction  as  P4  8  is  to  the  distance  of  the  earth  from 
the  sun,  or,  what  is  the  same,  as  r  to  /,  and  consequently  we 
shall  have, 

— — -_^_^_^— ^.^_^_^____    I 

*  Sir  John  Herschel  gives  for  this  angle  the  value  64^  14^,  wliieh  is 
certainly  erroneous.— See  Outlines  of  Astronomy,  page  484,  edit.  1849. 
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Br  r  1 

and,  ooDsequently^ 

D  =  00000000156  X  s. 

It  appears  from  tbese  yalaes  of  d',  d'',  and  d,  that  the  three  radial 
distarbing  forces  exerted  by  the  sun  upon  the  moon  at  conjuctioni 
opposition^  and  quadrature,  are  in  the  following  proportion, 

d'  :  d"  :  D  : :  63  :  62  :  31-2. 

Thus  it  appears  that  the  disturbing  force  at  oonjunction  is  greater 
than  at  opposition  in  the  proportion  of  63  to  62,  and  that  the  negative 
disturbing  force  at  sjzygies  is  about  double  the  positiye  disturbing 
force  at  quadratures. 

In  other  words,  it  appears  that  the  disturbing  force  of  the  sun  acts 
against  the  moon's  attraction  upon  the  earth  at  conjunction  more 
energetically  than  at  opposition,  in  the  proportion  of  63  to  62 ;  and 
that,  in  both  cases,  its  action  in  diminishing  the  earth's  attraction 
on  the  moon  is  twice  as  great  na  its  ac- 
tion in  increasing  the  euth's  attraction 
upon  it  in  quadratures. 

3192.  The  tun^s  disturbing  force  at 
equal  angles  toith  syzygy  varies  in  the 
direct  ratio  of  the  moon's  dielancefrom 
the  earth,  —  It  is  easy  to  show  that  if 
the  moon's  distance  from  the  earth  be 
supposed  to  vary,  while  the  sun's  dis- 
tance remains  the  same,  and  still  bears 
a  high  ratio  to  the  moon's  distance,  the 
sun's  disturbing  force  will  vary  in  the 
direct  ratio  of  the  moon's  distance  at 
equal  angular  distances  from  syzygy. 

Let  p  and  ^yfig^  841,  represent  the 
moon  at  two  different  distances,  8  P,  and 
8  p',  from  the  earth.  To  find  the  lines 
representing  the  disturbing  force  at  p 
and  p'  draw  vy  and  p'y  at  right  angles 
to  the  line  drawn  from  s  to  the  sun,  and 
let  B  a;  =  3  sy,  and  8  2/  =  3  sy,  and 
draw  the  lines  p  x  and  p'  a/.  These  two 
lines  will  then  represent  in  quantity 
and  direction  the  disturbing  forces  of  the 
sun  upon  the  moon  at  p  and  p'. 

But  it  is  evident,  since  sx  is  three  times  8y,  and  8  0^  is  three 
times  sy,  that  the  lines  Px  and  v'  x*  are  parallel,  and  are  therefore 
proportional  to  8  P  and  8  p' ;  that  is,  the  disturbing  forces  at  p  and 


Fig.  841. 
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p  are  proportional  to  the  distances  of  the  moon  from  the  earth  at 
these  two  points. 

It  will  be  seen  hereafter  that  this  principle  is  attended  with  some 
important  conseqaences  in  the  lunar  theory. 

3193.  Analysis  of  the  variations  of  sign  of  the  compon^nit 
of  the  disturbing  force  during  a  synodic  p&riod,  —  From  what  has 
been  explained  in  the  preceding  paragraphs,  it  will  be  easj  to  trace 
the  successive  changes  of  direction  and  sign  of  the  radial  and  tan- 
gential components  of  the  disturbing  force  of  the  sun,  daring  an 
entire  lunation  or  synodic  period  of  the  moon. 

Let  Cjfig.  842,  represent  the  position  of  the  moon  in  oonjnnctioD ; 
o,  its  position  in  opposition ;  P,,  its  position  in  westeni|  aad  f^^  in 
eastern  quadrature. 


Fig.  843. 

Let  Pi  be  its  position  in  the  first  quadrant  when  the  radial  com- 
ponent vanishes,  and  the  whole  disturbing  force  is  tangential,  this 
point  being  at  the  distance  of  54^  44'  7"  from  c.  Let  p,,  p ,,  and 
p'l  be  the  corresponding  points  in  the  second,  third,  and  fourth 
quadrants. 
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From  what  baa  been  already  explained  it  appears  tbat^  tbe  dig* 
tnrbing  force  at  c  being  at  right  angles  to  the  tangent,  the  tan- 
gential component  is  nothing ;  and  since,  through  the  first  qnadrant 
c  Pfy  the  direction  of  the  disturbing  force  forms  an  obtuse  angle  with 
tbe  direction  of  the  moon's  motion,  its  tangential  component  will  bo 
in  a  direction  contrary  to  the  moon's  motion,  and  it  will  therefore 
be  negative.  This  component  vanishes  at  Pg,  where  the  whole  dis- 
turbing force  becomes  radial,  and  therefore  at  right  angles  to  the 
tangent,  and  after  passing  Pg,  the  direction  of  the  disturbing  force 
forming  an  acute  angle  with  the  direction  of  the  moon's  motion,  the 
tangential  component  is  in  the  direction  of  the  moon's  motion,  and 
therefore  positive;  and  continues  to  be  positive  throughout  the 
second  quadrant  until  the  moon  arrives  at  opposition  o,  where  the 
distarbing  force  again  becomes  radial,  and  being  at  right  angles  to 
the  tangent,  the  tangential  component  vanishes.  After  passing  o, 
the  disturbing  force  ^rms  an  obtuse  angle  with  the  direction  of  the 
moon's  motion,  and  its  tangential  component  is  therefore  contrary 
in  direction  to  the  motion  of  the  moon,  and  consequently  negative. 

It  continues  negative  through  the  third  quadrant  until,  the  moon 
arriving  at  pg,  the  direction  of  the  disturbing  force  becomes  radial- 
and  at  right  angles  to  the  tangent,  and  the  tangential  component 
again  vanishes.  After  passing  this  point  the  disturbing  force  forms 
an  acute  angle  with  the  direction  of  the  moon's  motion,  and  its  tan- 
gential  component  therefore  being  in  the  direction  of  such  motion  is 
positive,  and  continues  positive  t^ughout  the  fourth  quadrant  until 
it  vanishes  at  conjunction. 

Thus  it  appears,  that  the  tangential  component  is  negative  in  the 
first  and  third  quadrants,  throughout  which  it  has  therefore  a  ten- 
dency to  retard  the  moon's  motion ;  and  that  it  is  positive  in  the 
second  and  fourth  quadrants,  throughout  which  therefore  it  has  a 
tendency  to  accelerate  the  moon's  motion. 

Let  us  now  trace  the  changes  of  direction  and  sign,  which  affect 
the  radial  component  of  the  disturbing  force. 

It  has  been  already  shown  that  at  conjunction  the  radial  compo- 
nent is  negative,  and  therefore  directed  from  the  earth.  This  cir- 
cumstance arises  from  the  fact  that  the  sun's  attraction  on  the  moon 
at  c,  is  greater  than  its  attraction  upon  the  earth  at  8,  and  the  dis- 
turbing force  being  the  excess  of  the  attraction  towards  the  sun  at 
c,  above  the  attraction  towards  the  sun  at  8,  is  directed  from  s.  As 
the  moon  moves  from  o  to  P,  the  direction  of  the  disturbing  force 
lies  outside  the  tangent,  and  consequently  its  radial  component  is 
directed  from  8  and  is  therefore  negative.  It  gradually  decreases 
from  0  to  P|,  because  the  angle  under  the  disturbing  force  and  the 
tangent  gradually  decreases.  This  angle  vanishes  at  P„  where  the 
disturbing  force  coincides  with  the  tangent,  and  where  therefore  its 
radial  component  vanishes.     Thus  it  appears  that  the  radial  com* 

49* 
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poMDt  whioh  18  negatiTe  at  o,  continually  decreaaeB  from  o  to  Pi 
where  it  iasO. 

After  paering  P|,  the  direction  of  the  distorbing  fbrce  fidfins 
within  the  tangent,  its  radial  component  is  directed  towards  Sy  and 
is  therefore  poBitive;  and  the  angle  which  the  direction  of  the 
dbturbing  force  makes  with  the  the  tangent,  inoreaaing  from  Pi  to 
p«,  the  radial  component  continnally  increases  until  at  Pg  the  di- 
rection of  the  disturbing  force  being  at  riffht  angles  to  the  tangent, 
the  whole  disturbing  force  becomes  radiJ.  After  passing  Pg,  the 
angle  under  the  direction  of  the  disturbing  force  and  the  tangent 
again  becomes  acute,  and  the  radial  component  being  positiTe, 
decreases  and  continues  to  decrease  until  at  p,  the  angle  under  the 
direction  of  the  disturbing  force  and  the  tangent  vanishes,  and  there 
accordingly  the  radial  component  also  vanishes,  the  whole  distuibing 
foroe  being  tangential. 

After  passing  Ps,  the  direction  of  the  disturbing  foroe  fiJling  ont- 
ttde  the  tangent,  the  radial  component  is  again  directed  from  the 
centre,  and  is  therefore  negative ;  and  the  angle  under  the  disturbing 
force  and  the  tangenf  continually  decreases  until  the  moon  arrives  at 
opposition  o,  where  it  becomes  a  right  angle,  and  the  whole  dis- 
turbing force  becoming  radial,  is  directed  from  s,  and  is  therefore 
segative.  After  passing  opposition,  the  angle  under  the  disturbing 
foroe  and  tangent  again  becomes  acute  and  continually  diminishefl, 
and  therefore  the  radial  component  continually  decreases,  being  still 
negative  until  at  p/  the  angle  under  the  direction  of  the  disturbing 
foroe  and  tangent  vanishes,  the  whole  disturbing  force  becoming 
tangential,  and  the  radial  component  being  therefore  =  0.  After 
passing  p^g,  the  direction  of  the  disturbing  force  again  falls  within 
the  tangent,  and  from  p^,  to  P^i  it  forms  an  acute  angle  with  the 
tangent  which  continually  increases  until  at  p's  it  becomes  a  right 
angle.  The  radial  component  therefore,  from  p',  to  f^i,  is  positive 
and  continually  increases  until  at  p',  the  whole  disturbing  force  is 
radial.  After  passing  p',,  the  direction  of  the  disturbing  foroe  again 
forms  an  acute  angle  with  the  tangent,  and  the  radial  component  is 
therefore  still  positive ;  and  as  this  angle  continually  decreases,  the 
ndial  component  decreases  until  the  moon  arriving  at  p^„  the  dis- 
turbing foroe  takes  the  direction  of  the  tangent,  and  the  radial  com- 
ponent is  SB  0.  After  passing  p^i,  the  direction  of  the  disturbing 
foroe  lying  outside  the  tangent,  the  radial  component  is  directed 
from  the  earth,  and  is  therefore  negative,  and  the  angle  formed  by 
the  direction  of  the  disturbing  foroe  with  the  tangent  continually 
increasing,  the  negative  radial  component  continually  increases  until 
the  moon  arrives  at  conjunction  where  the  whole  disturbing  force  is 
Begntive  and  radial. 

It  appears,  therefore,  that  through  the  arcs  c  P|  and  c  p^„  ex- 
tending to  54*  44'  7"  on  each  side  of  conjunction,  and  o  P^  o  i**, 
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extending  to  the  aame  distaDce  od  each  side  of  oppoaition,  the  ndid 
component  of  the  diBtorbing  force  ia  negative,  being  greateat  at  con- 
juncUon  and  opposition,  and  gradoalljr  deoreaaing  aa  the  diatanoe  of 
ttoe  moon  from  those  points  increases  until  it  vaniahea  at  the  pointa 
Pi,  K„  p„  and  p',.  *^ 

•  ^"^  *PP«fB  feather,  that  thronghoat  the  am  of  the  aynodic  orbit 
included  between  p.  and  p„  and  between  p',  and  p'^  which  aro 
bisected  by  the  points  of  qoadmtnie  p.  and  p^^  the  radial  compo* 
nent  of  the  disturbing  foice  is  positive,  being  gieateat  at  the  points 
of  quadrature  p,  and  p'^  and  gradnaUjr  diminishing  from  tfiose 
points  to  the  extreme  points  of  the  awe  P,  p„  and  p',  p'„  where  it 
Tanisnes. 

Since,  therefore,  a  native  radial  comp<ment  acta  in  antagonism 
with  the  central  attraction  of  the  earth,  and  a  poaitive  radiid  com* 
pouent  coincides  in  direction  with  that  attraction,  it  follows,  that 
the  radial  component  of  the  aun's  disturbing  force  has  the  effect  of 
diminiahing  the  intensity  of  the  earth's  attraction  throughout  the 
arcs  p,  o  p^  and  p,  o  p',;  and  that,  on  the  contnry,  it  has  a  ten- 
dencj  to  increase  the  earth's  attraction  throughout  the  area  p,  p-  p. 
andpfjP'.i/^  ^ 

The  successive  changes  of  sign  of  the  radial  component  r,  and 
the  tangential  component  t,  of  the  sun's  disturbing  force,  are  indi- 
cated on  ^.  842,  in  a  manner  that  will  be  readily  underetood  after 
what  has  been  explained  above. 

3194.  I^fecU  of  the  disturbing /oroe  on  thamo(m'smot^  The 
annual  emcUion. — It  now  remains  to  explain  the  manner  in  which 
the  disturbing  force  of  the  sun  affects  the  moon's  motion  aad  the 
form  of  its  orbit. 

We  shall  first  expUn  those  lunar  inequalities  which  are  inde- 
pendent of  the  elliptic  orbit;  and,  in  doing  this,  we  shall  r^^ard  the 
undisturbed  orbit  as  a  chrole,  having  the  eaHh  at  its  centre.  When 
these  inequalities  have  been  ex|9ained,  we  shall  consider  those 
which  affect  the  elliptie  orbit  of  the  moon. 

After  what  has  been  explained,  it  wiU  be  apparent  that  the  total 
effect  of  the  radial  component  of  the  disturbing  force  during  a  synodio 
revolatioui  will  be  to  ddcrease  the  intensity  3  the  earth's  attraction 
upon  the  moon. 

It  has  been  already  shown  that  the  intensity  of  the  negative 
ntdial  component  of  the  disturbing  force  at  syiygies,  is  about  twice 
that  of  the  positive  radial  component  at  quadratures.  It  follows, 
therefore,  that  at  o  and  o  the  disturbing  action  of  the  moon  dimin- 
ishes the  earth's  attraction  twice  as  much  as  that  by  which  the 
positive  disturbing  action  at  Pg  and  P^g  increases  it;  and  it  will  be 
apparent  that  nearly  the  same  proportion  will  prevail  between  the 
intensities  of  the  negative  action  of  the  disturbing  force  through  the 
*"»  Pi  c  p'l  and  p,  o  p'„  and  its  positive  action  through  the  •»• 
^1  P»  P.  and  p'i  p'g  p',.    It  appears,  therefore,  that  the  intanaitiee  of 
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tbe  podtiTO  radial  oomponents  do  not  amoant  to  more  than  one-half 
those  of  the  negative  radial  oomponents  of  the  diBtarhing  force 
daring  an  entire  synodic  period. 

But  besides  this  excess  of  intensity  of  the  negatiye  over  the 
positive  radial  oomponents,  it  is  to  be  considered  that  while  the 
negative  radial  components  are  in  operation  through  foar  arcs  of 
540  44'  *i"  of  the  synodic  reTolation,  the  positive  radial  compo- 
nents are  in  operation  only  throagh  the  four  arcs  complementary 
to  these, — that  is,  through  four  arcs  whose  magnitude  is  35^ 
16'  63". 

The  total  effect,  therefore,  of  the  radial  components,  daring  an 
entire  synodic  period,  must  be  to  diminish  the  earth's  central  attrac- 
tion upon  the  moon  — finij  because  the  intensity  of  the  negative 
radial  components  is  greater  than  that  of  the  positiye  in  the  pro- 
portion of  nearly  2  to  1 ;  and,  tecpndlyy  because  the  total  length 
of  the  arcs,  through  which  the  former  act,  is  greater  than  that  of 
the  ares  through  which  the  latter  act,  in  the  proportion  of  54  to 
85  nearly.  The  total  effect,  therefore,  of  the  radial  component  of 
the  disturbing  force  is  to  diminish  the  earth's  attraction  upon  the 
moon.  Now  it  appeara,  from  the  general  principles  of  central 
force,  which  have  been  so  fully  explained  in  former  chapten  of  this 
volume,  that  the  angular  motion  of  a  body,  revolving  at  a  given 
distance  round  a  centre  of  attraction,  will  be  more  or  less  rapid 
according  to  the  greater  or  less  intensity  of  that  attraction.  What- 
ever, therefore,  diminishes  the  central  attraction  of  the  earth  upon 
the  moon,  must  produce  a  corresponding  diminution  of  the  rate  of 
the  moon's  mean  motion  round  the  earth.  Since,  therefore,  Uie 
disturbing  force  of  the  sun  diminishes  the  central  attraction  of  the 
earth,  it  necessarily  retards  the  motion  of  the  moon  round  the 
earth,  or,  what  is  the  same,  it  increases  the  length  of  its  period. 

But  it  remains  to  be  seen  how  far  this  efiect  may  be  modified  by 
the  tangential  component  of  the  disturbing  force.  Now,  from  what 
has  been  explained,  it  appoare  that  the  tangential  component  id 
negative  in  the  fint  and  third,  and  positive  in  &e  second  and  fourth 
quadrants,  and  therefore  it  retards  the  moon's  motion  in  the  former, 
and  accelerates  it  in  the  latter,  and  these  effects  in  the  two  quad- 
rants are  very  nearly  eaual;  the  consequence  is,  that  the  contrary 
effects  of  the  tangential  force,  in  accelerating  and  retarding  the 
moon's  motion,  neutraliio  each  other,  and  leave  the  effect  of  the 
radial  component  unimpaired. 

It  appears,  therefore,  that  the  mean  apparent  motion  of  the  moon 
is  thus  rendered  less  by  the  sun's  disturbing  force,  than  it  would  be 
if  that  foree  did  not  act;  and  if  that  force  be  subject  to  any  varia- 
tion, it  is  obvious  that  the  mean  apparent  motion  of  the  moon  mast 
be  subject  to  a  corresponding  variation,  increasing  and  decreasing 
with  the  increase  and  decrease  of  the  disturlnng  force.  But  since 
^he  sun's  disturbing  force  bean  a  certain  proportion  to  the  sun'a 
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whole  attraotioDj  it  muBt  increase  and  decreaae  with  soch  attraction. 
Now,  BiDoe  the  sun's  dlstaooe  from  the  earth  varies,  being  least 
when  the  earth  is  in  perihelion,  and  greatest  when  it  is  in  aphelion, 
and  since  the  sun's  attraction  on  the  earth  increases  in  the  same 
proportion  as  the  square  of  the  earth's  distance  from  it  decreases,  it 
follows,  that  the  sun's  attraction  on  the  earth  and  moon,  and  there- 
fore its  disturbing  force,  is  greatest  when  the  earth  is  in  perihelion^ 
and  least  when  it  is  in  aphelion,  and  that  it  continuallj  decreases 
while  the  earth  passes  from  aphelion  to  perihelion. 

Now,  since,  from  what  has  been  just  explained,  the  mean  appa* 
rent  motion  of  the  moon  is  diminished  by  every  increase  of  tho 
sun's  disturbing  force,  it  will  follow  that  this  mean  apparent  motion 
will  be  least  when  the  earth  is  in  perihelion,  and  greatest  when-  it 
is  in  aphelion ;  and  that  it  will  gradually  increase  while  the  earth 
is  passing  from  perihelion  to  aph^ion,  and  gradually  decrease  while 
the  earth  is  passing  from  aphelion  to  perihelion. 

If  we  suppose  an  imaginary  moon  to  revolve  round  the  earth 
uniformly  in  the  same  time  as  the  real  moon  does  variably,  the 
apparent  motion  of  this  imaginary  moon  would  be  the  mean  appa- 
rent motion  of  the  mooni  and  its  place  would  be  the  mean  place  of 
the  moon. 

The  difference  between  the  places  of  this  imaginaiy  moon  and 
the  true  moon,  produced  by  the  inequality  of  the  moon's  mean 
motion  which  has  been  just  explained,  is  called  the  annual  equor 
tian,  because  this  difference  must  continually  increase  for  one  half 
year,  and  diminish  for  another  half  year,  according  as  the  true 
motion  exceeds  or  falls  short  of  the  mean  motion. 

This  inequality  or  variation  of  the  moon's  mean  apparent  motion  was 
discovered  by  observation  at  a  very  early  period  in  the  progress  of 
astronomical  science,  and  long  before  its  physical  cause  was  disclosed 
by  the  discovery  of  gravitation.  Its  discovery  by  observation  was 
due  to  Tycho  Brah^  about  the  year  1590.  The  greatest  value  of 
this  annual  equation,  or,  what  is  the  same,  the  greatest  difference 
between  the  mean  and  true  places  of  the  moon,  so  far  as  they  are 
affected  by  this  cause,  is  about  10'. 

3195.  Acceleration  of  the  moon's  mean  motion. — It  might 
very  naturally  be  expected  that  a  mean  between  the  greatest 
and  least  values  of  the  moon's  mean  motion,  as  above  explained, 
would  be  equal  to  the  moon's  mean  motion  when  the  earth  is 
at  its  mean  distance  from  the  sun.  Thus,  if  m'  express  the 
moon's  mean  apparent  motion  when  the  earth  is  in  aphelion, 
and  M '  its  mean  apparent  motion  when  in  perihelion,  and  M  be 
the  mean  between  these,  we  shall  have 

m  =  }(m'+m"). 
Now,  if  m  express  the  mean  motion  of  the  moon,  subject  to 
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tbe  distarbiDg  action  of  the  snn,  when  the  earth  is  at  its  mean 
distance  from  the  snn  it  might  be  expected  that  we  should  hare 
m  =  M,  and  if  this  were  the  case^  M  would  necessarily  be  inva- 
riable, becanse,  as  will  hereafter  appear,  the  earth's  mean  dis- 
tance from  the  sun  is  subject  to  no  secukr  variation,  and  con- 
sequently the  disturbing  force  of  the  sun  at  this  distance  most 
be  equally  invariable.  It  is  found,  however,  that  m  is  not  only 
not  equal  to  m,  but  that  it  is  not  invariable. 

It  is  found  to  be  greater  than  tn,  and  variable  in  a  manner 
depending  on  the  inequality  of  the  earth's  distances  firom  the 
sun  at  uie  apsides;  the  more  unequal  these  distances  are,  the 
greater  is  M  found  to  be.  But  since  the  inequality  of  these 
distances  depends  on  the  eccentricity  of  the  earth's  orbity  and 
since  this  eccentricity  is,  as  will  appear  hereafter,  subject  to  a 
slow  secular  variation,  it  follows  that  m,  or  the  moon's  mean 
apparent  motion,  is  subject  to  a  corresponding  secular  variation. 
It  will  appear  that,  for  thousands  of  years  back,  and  for  a  cor- 
responding period  to  come,  the  eccentricity  of  the  earth's  orbit 
has  been,  and  will  be,  subject  to  a  slow  decrease;  the  conse^ 
quence  of  which  is,  that  tiie  moon's  mean  apparent  motion, 
which  increases  as  the  inequality  of  the  apsidal  distances  de- 
crease, has  been,  and  is  still,  subject  to  a  slow  secular  increase, 
which,  like  the  annual  equation,  was  discovered  as  a  hd  by 
observation  long  before  the  physical  cause  was  known,  and  was 
designated,  in  astronomical  science,  as  the  cuxeleration  of  the 
moon's  mean  motion. 

Its  cause,  as  just  explained,  was  traced  to  the  secular  variation 
of  the  eccentricity  of  the  earth's  orbit  by  Laplace,  in  1787. 

8196.  Effect  upon  the  form  of  the  moon's  orbit.  — ^The  com- 
bined effect  of  the  two  components  of  the  disturbing  force  upon 
the  form  of  the  moon's  orbit,  the  undisturbed  orbit  being  sup- 
posed to  be  circular,  is  to  elongate  it  in  the  direction  of  the 
line  of  quadratures,  and  to  contract  it  in  the  direction  of  the 
line  of  syzygies  so  as  to  convert  it  into  a  sort  of  oval,  the 
longer  axis  of  which  is  at  right  angles  to  the  line  of  direction 
of  the  sun.  It  consequently  follows,  that  as  the  earth  moves 
round  the  sun,  this  oval  continually  shifts  the  direction  of  its 
axis,  the  longer  axis  constantly  turning  so  as  to  keep  itself  at 
right  angles  to  the  radius  vector  of  the  earth. 

To  explain  this,  it  is  only  necessary  to  consider  the  general 
conditions  which  determine  the  curvature  of  the  path  of  a  body 
moving  under  the  influence  of  a  central  attraction,  and  to  com- 
pare them  with  the  components  of  the  disturbing  force  at  dif- 
ferent parts  of  the  synodic  revolution.  The  curvature  of  tbe 
path  of  such  body  depends  in  general  on  the  intensity  of  the 
central  attraction  and  the  velocity  of  the  body.      Whatever  di- 
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miniflhes  the  central  attraction  or  increases  the  velocitj,  most 
diminish  the  curratare  of  the  path  of  the  hody,  and  vice  versd. 
Now  it  has  been  shown  that,  throughout  two  arcs  of  the  lunar 
orbit  extending  to  54^  44'  7"  at  each  side  of  the  line  of  syzj- 
gies,  the  radial  component  of  the  disturbing  force  is  negativCi 
and  therefore  diminishes  the  central  attraction,  and  consequently 
also  diminishes  the  curvature.  But  it  has  also  been  shown  that 
the  tangential  component  is  positive  while  the  moon  approaches 
the  syzygies,  and  negative  after  it  passes  them.  The  motion 
of  the  moon  is  therefore  accelerated  by  this  component  until  it 
arrives  at  syzygies,  and  retarded  after  it  passes  these  points. 
The  velocity  of  the  moon,  therefore,  being  most  augmented  at 
syzygies  by  the  tangential  component,  the  curvature  of  its  path 
is  there  diminished. 

It  appears,  therefore,  that  throughout  the  arcs  extending 
540  44/  *jn  QQ  either  side  of  the  syzygies,  both  components  of 
the  sun's  disturbing  force  have  a  tendency  to  diminish  the  curva- 
ture of  the  moon's  path. 

On  the  other  hand,  throughout  the  arcs  which  extend  35^  15'  6S'' 
on  each  side  of  the  quadratures,  the  radial  force,  being  positive, 
augments  the  central  attraction  of  the  earth,  and  therefore  in- 
creases the  curvature  .pf  the  orbit ;  and  at  the  same  time  the 
tangential  component  of  the  disturbing  force,  being  negative  as 
the  moon  approaches  the  quadratures,  diminishes  the  velocity, 
and  consequently  increases  the  curvature  of  the  moon's  path. 

For  these  reasons,  the  curvature  of  the  moon's  orbit  is  greatest 
at  the  quadratures  and  least  at  the  syzygies,  which  is  equivalent  to 
stating  that  the  lunar  orbit  has  an  oval  form  arising  from  these 
causes,  the  longer  axis  of  the  oval  being  in  the  direction  of  the  qua- 
dratures, and  the  lesser  axis  in  the  direction  of  syzygies. 

8197.  Moon's  variation.  — If  the  radial  component  bo  alone  con- 
sidered, it  is  easy  to  see  that  the  moon,  moving  in  such  an  orbit, 
would  have  a  varying  angular  motion,  which  would  be  greatest  at 
syzygies  where  the  moon  is  nearest  the  earth,  and  least  at  quadra- 
tures where  it  is  most  distant  from  the  earth.  This  will  follow 
immediately  from  the  principle  of  the  equable  description  of  areas, 
which  is  never  affected  by  a  radial  disturbing  force,  since  that  prin- 
ciple rests  on  no  other  condition  than  that  the  revolving  body  be 
affected  only  by  a  force  directed  to  a  fixed  centre.  It  is  clear,  from 
what  has  been  proved  in  (2614),  that  the  angular  velocity,  varying 
inversely  as  the  square  of  the  moon's  distance  from  the  earth,  will, 
in  such  an  oval  orbit  as  has  just  been  described,  be  greatest  where 
the  distance  is  least,  —  that  is,  at  syzygies;  and  least  where  the 
distance  is  greatest,  —  that  is,  at  quadratures.  So  far,  therefore,  as 
relates  to  the  radial  component  of  the  disturbing  force,  the  moon's 
apparent  motion,  aa  seen  from  the  earth,  which  is,  in  fiiot,  its 
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angular  motJon  round  the  earthy  is  greatest  at  Bjzjgies^  and  least  at 
quadcatures. 

But  if  we  take  into  account,  also,  the  effect  of  the  tangential  oom- 
ponent,  this  variation  of  the  apparent  motion  will  be  still  greater. 
This  component,  according  to  what  has  been  shown,  continaallj 
accelerates  the  moon's  motion  in  approaching  the  sjzygies,  and  con- 
tinually retards  it  in  approaching  the  quadratures,  so  that,  so  hi 
as  depends  on  it,  the  moon's  velocitj  will  be  greatest  at  sjsj^es, 
and  least  at  quadratures. 

Thus  the  two  components  of  the  sun's  disturbing  force  com- 
bine to  render  the  moon's  apparent  motion  greatest  at  ooa- 
junction  and  opposition,  and  least  at  quadratures. 

This  inequality  of  the  moon's  apparent  motion,  which  passes 
through  all  its  phases  in  the  synodic  period,  is  called  the  vctrta- 
tiony  and  was  discovered  about  the  *  same  time  with  the  annual 
equation  by  Tycho  Brah^. 

If  we  suppose  an  imaginary  moon  to  perform  the  synodic 
period  with  a  uniform  angular  motion,  while  the  motion  of  the 
true  moon  is  subject  to  this  alternate  acceleration  and  retarda- 
tion at  syzygies  and  quadratures,  the  distance  between  the  two 
moons  will  be  the  vartationy  and  its  greatest  amount  will  be 
about  32'. 

8198.  Parallactic  inemidlity.  —  In  this  explanation,  however, 
we  have  assumed  that  the  disturbing  forces  are  equal  at  con- 
junction and  opposition.  Now,  it  haa  been  already  shown  that, 
at  these  points,  they  are  slightly  unequal — ^the  disturbing  force 
at  conjunction  exceeding  that  at  opposition,  in  the  proportioa 
of  about  63  to  62.  It  follows,  therefore,  that  the  effect  of  the 
disturbing  forces  will  not  be  exactly  equal  at  the  two  syxygies; 
and  a  small  inequality  is  thus,  as  it  were,  superposed  upon  the 
variation,  or,  so  to  speak,  a  variation  of  the  variation  is  pro> 
duced,  which  is  called  the  parallactic  inegwilify. 

3199.  Inegualities  dq>endinff  on  the  elliptic  form  of  ike 
hmar  orbit.  —  In  the  preceding  paragraphs  we  have  omitted 
the  consideration  of  the  elliptic  character  of  the  moon's  orbit. 
We  shall  now  explain  those  inequalities  which  depend  on  the 
varying  length  of  the  moon's  radius  vector. 

8200.  .^uation  of  the  centre.— The  first  inequality  of  this 
class  which  we  shall  notice  is  one  which  appertains  to  the 
problem  of  two  bodies,  rather  than  that  of  three  bodies,  and  which 
has  been  already  noticed  in  relation  to  elliptic  motion  in  general. 
The  equable  description  of  areas  by  the  moon  in  its  elliptic 
orbit,  causes  its  angukur  motion  at  perihelion  to  be  greater  Uian 
at  other  points;  and,  as  it  moves  from  perihelion,  Siis  angular 
motion  gradually  diminishes,  and  continues  to  diminish,  antil  it 
arrives  at  aphelion,  where  it  is  least.     From  aphelion  Co  peri- 
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kdioD)  on  the  oontnury,  tbe  angular  motion  gradually  and  continnallj 
increases.  If  we  suppose  an  imaginary  moon  to  move  from  peri' 
helion  throngh  aphelion  baok  to  perihelion,  with  a  uniform  angular 
Telodty,  the  motion  of  this  moon  would  be  the  mean  motion  of  the 
moon,  its  place  the  mean  place,  and  its  anomaly,  or  its  distance 
from  perihelion,  the  mean  anomaly ;  and  the  distance  between  this 
imaginary  moon  and  the  true  moon  is  called  the  equation  of  the 

C€HtT0, 

Starting  from  perihelion,  the  motion  of  the  true  moon  being 
greater  than  that  of  the  imaginary  moon,  the  true  moon  is  in  ad* 
Tanoe  of  the  imaginary  moon,  and  it  continues  to  gain  upon  the 
ima{j;inary  moon  to  a  certain  point,  after  which  the  mean  moon 
besins,  in  its  turn,  to  gain  upon  the  true  moon,  and  oTcrtakes  it  at 
aphelion ;  the  distance  between  the  two  moons,  mean  and  true,  at 
mny  point,  is  the  equtUum  of  the  eenire.  From  aphelion  to  perihe* 
lion,  on  the  oontrary,  the  mean  moon  precedes  the  true  moon,  and 
the  distance  between  them  increases  to  a  certain  point,  after  which 
the  mean  moon  begins  to  oveitake  the  true  moon,  and  does  over- 
take it  on  returning  to  perihelion. 

The  equation  of  the  centre  is,  therefore,  positive  from  perihelion 
to  aphelion,  and  negative  from  aphelion  to  perihelion. 

8201.  Method  of  invetiiga^fig  the  variaitione  of  (he  Mptic 
dements  of  the  lunar  orbit.  —  After  what  has  been  explained  in  the 
present  and  preoediuff  chapters,  there  will  be  no  difficulty  in  tradng 
the  effects  produced  oy  the  sun's  disturbing  force  upon  the  magm« 
tnde,  form,  and  pontion  of  the  moon's  elliptic  orbit.  The  effects 
produced  in  general  upon  any  elliptic  orbit  whatever,  by  positive 
and  negative,  radial  and  tangential  disturbinj^  forces  (817  et  9eq.\ 
and  the  successive  changes  of  direction  and  mtensity  of  the  radial 
and  tangential  components  of  the  sun's  disturbing  force  acting  on 
the  moon,  as  explained  above,  being  fully  comprehended,  it  is  only 
necessary  to  apply  the  general  principles  to  the  particular  case  of 
the  moon  in  order  to  explain  dl  the  phenomena.  For  this  purpose 
it  will  be  necessary  to  consider  successively  the  oases  in  which  the 
moon's  perigee  assumes  every  variety  of  position  with  relation  to 
the  line  of  syiygies,  and  in  each  position  to  investigate  the  effects 
produced  upon  the  elements  of  the  instantaneous  ellipse  in  the 
different  positions  which  the  moon  assumes  during  an  entire  revolu* 
tion  in  its  orbit 

8202.  Moon'i  mean  distance  not  eUbfeet  to  eecuiar  varuUion.  — 
It  may  be  stated,  generally,  that  the  efiects  of  the  disturbing  force 
of  the  sun  upon  the  moon's  mean  distance  or  major  axis  of  its  orbit 
neutralise  each  other;  the  increase  which  it  produces  on  that  ele* 
meni  in  some  synodic  positions  being  exactly  compensated  by  the 
decrease  it  produces  in  others. 

In  the  first  place,  it  must  be  observed  that  since  the  eccentricity 
m*  50 
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of  the  lunar  orbit  is  very  small,  the  radial  cotDponent  produces  wb 
effect  CD  the  moon's  orbital  velocity,  and,  therefore^  none  upon  t^ 
magnitude  of  its  major  axis. 

The  tangential  component  being  negative  in  the  first  and  third, 
and  positive  in  the  second  and  fourth,  quadrants,  diminishes  the 
axis  in  the  former  and  increases  it  in  the  latter.  If  it  can  be  shown 
that,  on  the  whole,  the  increase  is  equal  to  the  decrease,  it  will  fol- 
low that  the  magnitude  of  the  mean  distance  or  major  semi-^xis 


Fig.  843. 


Fig.  845. 


Fig.  844. 


suffers  no  ultimate  change. 
For  thb  purpose  it  will  be 
necessary  to  examine  the 
effects  in  different  poeitioDs 
of  the  lunar  orbit  relatively 
to  the  syzygies  and  quad- 
ratures. 

If  the  line  of  apsides  be 
in  syzygies,  as  represented 
in  fig.  843,  when  perigee 
is  in   conjunction,   and  in 
Jig,  844  when  apogee  is  in 
conjunction,  the  elliptic  or- 
bit will  be  divided  symmetri- 
cally by  the  four  synodic 
quadrants;    and,  since   the 
intensity  of  the  disturbing  force  is  the  same  at  equal  angular  dis- 
tances from  the  apsides,  it  follows  that  in  eaoh  case  the  diminution 
of  the  mean  distance  produced  by  the  tangential  component  in  the 
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first  and  tbird  anadrant  is  equal  to  the  increase  produced  in  the 
second  and  fourth  quadrants. 

If  the  apsides  he  in  quadrature^  as  represented  in  Jig,  845,  the 
same  will  obyiously  be  true. 

In  these  cases,  therefore,  the  major  axis  of  the  orbit  suffers  no 
ultimate  change  from  the  action  of  the  disturbing  force. 

But  if,  as  in  fig,  846,  the  line  of  apsides  pa  he  inclined  at  an 
oblique  angle  to  Uie  line  of  sjsjgies  c  o,  the  elliptic  orbit  will  not 

be  symmetricallj  divided  bj 
the  four  synodic  quadrants 
0  Pji,  Ps  o,  o  ^gf  and  p',  o,  and 
in  that  case  the  decrease  and 
increase  of  the  axis  produced 
in  the  alternate  quadrants  wiU 
no  longer  be  equal,  and  a  com- 
plete compensation  will  not,  as 
before,  be  effected  in  a  single 
synodic  revolution.  But  if 
the  orbit  be  taken  in  two  posi- 
tions in  which  the  line  of 
apsides  p  a  and  p'  a'  is  equally 
inclined  on  different  sides  of 
the  line  of  sjzygies,  the  effect 
of  the  disturbing  force  on  the 
mean  distance  in  a  complete 
synodic  revolution  in  one  posi- 
tion will  be  compensated  by 
tho  equal  and  contrary  effect  produced  in  the  other  position.  This 
will  be  apparent  by  considering  that  tho  intensities  of  the  disturbing 
force  at  equal  inclinations  to  the  line  of  syzygies  are  proportiontd 
to  the  moon's  distance  from  the  earth.  It  follows  from  this  that 
the  effects  of  the  disturbing  force  in  the  quadrants  CpVg  and  op'  j/g, 
and  in  the  quadrants  Pg  a  p'g  and  pg  a'  p'g  are  equal,  and  in  the  same 
manner  that  the  effects  are  equal  in  the  other  corresponding  quad- 
rants. It  will,  therefore,  be  apparent  that,  taking  the  orbit  in  the 
two  positions,  the  increase  and  decrease  which  the  major  axis  suffers 
in  two  complete  synodic  periods  are  equal,  and  that,  therefore,  the 
major  axis  suffers  no  ultimate  change  of  magnitude. 

But  since,  in  the  revolution  of  the  earth  and  moon  round  the 
sun,  the  line  of  apsides  takes  successively  every  inclination  to  the 
line  of  syzygies,  it  will  necessarily  assume,  at  regular  intervals, 
the  equal  inclinations  at  which  the  effects  of  the  disturbing  force 
upon  the  axis  of  the  orbit  are  mutually  compensatory,  and  it  fol- 
lows, therefore,  that  no  ultimate  decrease  of  magnitude  of  the  axis 
takes  place. 
It  remains,  therefore,  to  investigate  the  effects  of  the  disturbing 
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force  of  the  Ban  on  the  other  element!  of  the  lanar  orlnt ;  tliat  is, 
upon  the  direction  of  the  apsides,  or,  what  is  the  same^  on  die  longi- 
tude of  perihelion  and  the  eccentricity. 

As  these  effects  will  vary  according  to  the  varying  poeition  of 
the  line  of  apsides,  with  relation  to  the  line  of  syiygies,  we  shall 
consider  successively  the  variation  of  each  of  the  elements  daring  a 
synodic  revolution  of  the  moon,  when  the  apsides  are  in  syiygies, 
in  quadratures,  and  between  these  points. 


FiBST  Cass. 

WHEN  PSaiOSE  IS  IN  OONJUNCTIOK. 

8203.  Motion  of  the  aptides. — Let  the  lines  P,  i^a  ^^^  P/  ?«  he 
drawn,  making  angles  of  64°  44'  7"  with  the  line  of  syiygies  c  o, 
Jig.  843.  Let  us  consider,  first,  the  effect  of  the  radul|  and, 
secondly,  the  effect  of  the  tangential  component. 

First.  The  radial  component,  being  negative  while  the  moon 
moves  through  the  arcs  F|  g F|,  and  p,  o  Ft  (3193),  a  regressive 
motion  will  be  imparted  to  the  apsides  in  the  former  and  a  progres- 
sive motion  in  the  latter  (3193). 

The  same  component  being  podtive  while  the  moon  moves 
through  the  arcs  Pj  Ps  and  p's  F|,  a  progressive  motion  will  be  im- 
parted to  the  apsides  in  P|  Pg  and  p'g  p^i,  and  a  regressive  motion  in 
Pg  Pg  and  p's  P^g. 

To  determine  the  effect  produced  upon  the  apsides  during  the 
whole  synodic  revolution,  it  will  be  necessary  to  take  into  aeooant 
the  varying  intensity  of  the  disturbing  force  in  these  several  arcs. 

Since,  at  equal  inclinations  to  the  Tine  of  syiygies,  the  intensitj 
of  the  disturbing  force  is  in  the  direct  ratio  of  the  moon's  distance 
from  the  earth  (3192),  it  is  evident  that  its  effect  throagh  the  are 
Pg  o  p'g  will  be  greater  than  its  effect  through  the  arc  p'l  o  P„  and 
that  its  effect  through  the  arcs  Pg  Pg  and  p'g  p'g  will  also  be  greateri 
though  in  a  much  less  degree,  than  its  effect  thronch  the  arcs  P]  p^ 
and  p'g  p',.  But  besides  the  greater  intensity  of  the  disturbing 
force  throughout  the  arc  Pg  0  Fg,  its  e&ct  is  angmented  by  the 
slower  motion  of  the  moon  supplying  a  longer  interval  fw  its 
action. 

It  follows,  therefore,  that  the  progressive  motion  imparted  to  the 
apsides  while  the  moon  moves  from  Pg  to  p'g  is  much  greater  than 
the  regressive  motion  imparted  while  it  moves  from  P^,  to  p, ;  and 
that  the  regressive  motion  imparted  while  it  moves  through  the  arcs 
Pg  Pg  and  Fg  p'g  very  little  exceeds  the  progressive  motion  imparted 
while  it  moves  tbrouch  the  arcs  P|  pg  and  p'g  p'l. 

The  consequence  is^  that,  in  a  complete  synodic  revolution,  the 
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progressiTe  iDoiion  considerably  exceeds  tbe  regressive;  and^  thore- 
fore,  on  the  whole,  the  apsides  are  moyed  forward. 

Secondly.  The  taDgential  component  being  negatiye  from  0  to  Pg 
and  from  o  to  p's?  ^^^  positive  from  p|  to  o  and  from  o  to  p^s,  it 
imparts  a  regressive  motion  to  the  apsides  from  p',  to  Pi,  from  p«  to 
Ps,  and  from  p',  to  p's,  and  a  progressive  motion  from  p,  to  p's,  from 
P*,  to  p'l,  and  from  P|  to  P,,  (3193). 

It  may  be  shown,  as  in  the  former  case,  that  the  progressive  mo- 
tion in  a  complete  synodic  revolution  exceeds  the  regressive  motion, 
and,  therefore,  that  on  the  whole  the  tangential  component  imparts 
a  progressive  motion  to  the  apsides. 

It  follows,  therefore,  that  when  perigee  is  in  conjunction,  the 
disturbiog  force  of  the  sun,  acting  during  a  complete  synodic  revo- 
lution of  the  moon,  causes  the  line  of  apsides  to  move  forward  in 
the  direction  of  the  sun's  motion,  so  that,  at  the  end  of  a  synodic 
revolution,  the  longitude  of  perigee  will  be  greater  than  it  was  at 
its  commencement,  —  the  longitude  of  that  point,  however,  having, 
daring  such  revolution,  alteraately  increased  and  decreased. 

3204.  EffecU  on  the  eccentricity. — To  ascertain  the  variation  of 
the  eccentricity  of  the  lunar  orbit,  produced  by  the  sun's  disturbing 
foroe  in  the  same  position  of  the  apsides,  we  shall,  as  before,  consider 
first,  the  effect  of  the  radial,  and,  secondly,  that  of  iJie  tangentiid 
oomponent. 

Firtt.  The  radial  oomponent  being  negative  from  p^i  to  p,  and 
from  P,  to  p's,  and  positive  from  p,  to  Ps  and  from  p^s  to  P^i,  it  fol- 
lows, that  it  will  cause  the  eccentricity  to  increase  from  o  to  Pi  and 
from  Ps  to  o,  and  to  decrease  from  p,  to  Pg,  while,  in  the  other  half 
of  the  synodic  revolution,  it  will  cause  it  to  decrease  from  o  to  P^g, 
and  from  p,  to  o,  and  to  increase  from  P^s  to  P^i,  (3193).  Now  it  is 
evident  that,  the  effects  of  the  disturbing  foroe  through  the  arcs 
c  P„  P|  Psi  and  Pg  0,  are  respectively  equal  to  its  efiects  through  the 
arcs  c  p^„  p'l  p's,  and  p^,  o,  and,  therefore,  that  the  increments 
and  decrements  which  the  eccentricity  receives  during  a  complete 
synodic  revolution  are  equal,  and  that  so  far  as  depends  on  the 
ndial  component  of  the  disturbing  foroe,  it  suffers  no  ultimate 
variation. 

Secondly.  Since  the  tangential  component  is  negative  in  the  first 
and  third,  and  positive  in  the  second  and  fourth  quadrants,  it  will 
follow,  from  what  has  been  proved  (3156),  that  this  oomponent  will 
cause  the  eccentricity  to  decrease  throughout  the  first  and  second, 
and  to  increase  throughout  the  third  and  fourth  quadrants. 

But  it  will  be  evident,  from  the  same  reasoning  as  has  been  used 
in  the  former  case,  that  the  intensity  of  the  disturbing  force  in  the 
first  and  second  quadrants,  being  respectively  equal  to  its  intensity 
in  the  fourth  and  third,  the  decrease  of  the  eccentricity  in  the  first 
quadrant  will  be  equal  to  its  increase  in  the  fourth,  and  its  decrease 

50* 
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in  tiie  aeoond  qiuulnnt  will  be  eanal  to  its  iacreflse  Id  the  tliird ;  the 
ooDsequenoe  of  whioh  will  be  Uiat,  in  a  complete  revoIutioDy  the 
oocentricity  will  suffBr  no  change  firom  the  operation  of  the  tangen- 
tial component  of  the  distnrbing  force. 

It  foliowS)  therefore^  that  when  the  moon's  perigee  is  in  oonjnno- 
tion,  the  eccentricity  ci  its  orbit,  at  the  end  of  eaen  synodic  revoln- 
tion,  will  be  the  same  as  at  the  beginning,  bat  that  during  sooh 
revolntion  it  will  alternately  increase  and  decrease  within  certaia 
narrow  limits. 

Sscx>ND  Case. 

WHSN  PSUOSC  18  IN  OFPOSITIOK. 

8205.  Motion  of  the  apndes.  —  As  before,  let  the  lines  P,  n^^  and 
P'l  Pt,  M  844,  be  drawn,  making  angles  of  54**  44'  7"  with  the 
line  of  syaygies  c  o,  and  let  ns  consider,  first,  as  in  the  former  case, 
the  e£fect  of  the  radial,  and,  secondly,  the  effect  of  the  tangential 
component. 

FirtL  The  radial  component  being  negative,  while  the  noon 
moves  from  P^i  to  P.,  and  from  p^  to  ^s,  a  progressiTe  motion  will 
be  imparted  to  the  apsides  in  the  former,  and  a  ragresnve  motioQ 
in  the  latter,  (8193).  The  same  component  being  positire,  while 
tiie  moon  moves  from  P|  to  Pa,  and  from  p',  to  p^i,  a  regressive  mo- 
tion will  be  imparted  to  the  apsides  from  P,  to  P^  and  from  p^b  to  P^i, 
and  a  progressive  motion  from  p^  to  Ps  and  horn  p^s  to  p^g;  and  ii 
will  appear  by  the  same  reasoning  as  in  the  former  case,  that  the 
total  effect  through  the  arcs  in  whioh  the  motion  is  progressive,  will 
exceed  considerably  the  total  effect  through  the  arcs  in  which  the 
motion  is  regressive,  and  therefore  that  the  effect  of  the  radial  com- 
ponent during  a  complete  synodic  refolution  will  be  to  cany  fonraid 
the  line  of  apsides. 

Secondly.  The  tangential  oomponent  being  negative  in  the  first 
and  third,  and  positive  in  the  second  and  fourth  quadrants,  it  will 
impart  a  progressive  motion  to  the  apsides  from  p'g  to  Pj^  and  a  re^ 
gressive  motion  from  p  to  p'g  (8198). 

It  will  follow,  as  in  the  former  case,  that  the  progressive  motkm 
arisioff  from  this  oomponent  in  a  complete  syndic  rev<^ution 
exceeds  the  regressive  moUon.  It  follows  therefore,  predsely  as  in 
the  former  caae^  that  when  perigee  is  in  oppositioo,  the  sun's  dis- 
turbing foroe,  during  a  complete  synodic  revolution,  gives  a  pro- 
gressive motion  to  the  line  of  apsides,  that  line  however,  during 
such  revolution,  receiving  an  alternate  motion  of  progression  and 
regression  within  certain  limits. 

8206.  JSffhcU  an  the  eeceniricUjf,  —  These  effects  may  be  explained 
by  reasoning  precisely  similar  to  that  used  in  the  former  < 
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IVrri.  The  radial  oomponent  being  negative  from  7^,  io  p,  and 
firom  Pt  to  F^^  and  positive  from  p,  to  p,  and  from  f'b  to  P„  it  will 
cause  the  ecoentricitj  to  decrease  from  o  to  p,  and  from  p,,  to  o, 
and  to  increase  from  Pj  to  Pj;  while  in  the  other  half  of  the  sjnodic 
revolution^  it  will  cause  it  to  increase  from  o  to  p's  and  from  p^,  to 
0,  and  to  decrease  from  p'a  to  p',  (3193);  and  it  is  evident,  as  beforei 
that  the  e£fects  in  each  half  orbit  being  compensatory,  no  ultimate 
variation  is  produced  by  this  component  upon  the  eccentricity  in  a 
complete  synodic  revolution. 

Second^.  The  effects  of  the  tangential  component  are,  in  like 
manner,  shown  to  be  compensatory  in  this  case  by  reasoning  so  com- 
pletely similar  to  the  former  that  it  need  not  be  repeated. 

Third  Case, 
when  the  apsides  are  in  quadrature. 

8207.  Motion  of  the  apndes.  —  Let  the  lines  P|  y,  and  p^,  p,, 
Jig,  845,  as  before,  be  drawn,  making  angles  of  54^  44'  7"  with  the 
line  of  sysygies  o  o.  We  shall,  as  in  the  former  case,  consider  first 
the  effect  of  the  radial,  and  second  that  of  the  tangential  component 

Firti.  The  radial  oomponent  being  negatire  m>m  p',  to  p,  and 
from  P,  to  P^t,  and  positive  from  p,  to  P,  and  from  p^,  to  P^„  it  fol- 
lows that  a  regressive  motion  will  be  imparted  to  the  apsides  while 
the  moon  moves  fiom  o  to  P|,  from  p,  to  o,  and  from  p^,  to  P^i,  and 
that  a  progressive  motion  will  be  imparted  to  it  in  the  intermediate 
arofly  diat  is  from  P|  to  Ps,  from  o  to  P^s>  and  from  p^,  to  o. 

But,  from  the  principle  already  so  often  referred  to,  in  virtue  of 
which  the  intensity  of  the  distnrbinff  force  at  equal  inclinations  to  the 
line  of  lyiygieB  is  proportional  to  tae  distance  of  the  moon  from  the 
earth,  it  will  be  evident  that  the  total  effect  of  the  radial  component 
in  imparting  a  regressive  motion  to  the  apsides  from  p^,  to  p',  will  be 
much  greater  than  its  total  effect  in  imparting  a  progressive  motion 
from  P|  to  Pt,  while  the  difference  of  its  effects  in  the  other  arcs  will 
be  comparatively  small.  It  will  follow,  therefore,  that  after  an 
entire  revolution  the  efleot  of  this  component  in  imparting  regres- 
sion will  greatly  predominate  over  its  effect  in  imparting  progression, 
and  that,  on  the  whole,  the  apsides  will  be  made  to  regress. 

Secondly.  The  tangential  component  being,  as  before,  negative 
in  the  first  and  third,  and  positive  in  the  second  and  fourth  quad- 
rants, it  will  impart  to  the  line  of  apsides  a  progressive  motion 
through  the  arc  OP^o,  and  a  regressive  motion  through  the  are 
op'g  0(3163). 

It  is  evident,  as  before,  that  in  this  case  the  regressive  effects 
predominate  over  the  progressive,  and  that,  therefore,  the  effect  of 
this  oomponent  throughout  a  complete  synodic  revolution  is  to  im* 
part  tc  the  apsides  a  regressive  motion. 
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3208.  Effect  on  the  eccentrtetfy.  —  We  sball,  as  before,  first  «»- 
aider  the  effect  of  the  radial;  and  aecondlj  of  the  tangential  eom- 
ponent. 

It  will  appear,  from  what  has  been  already  explained  (3163), 
that  the  radial  component  being  positive  from  p|  to  Pj  and  from  p', 
to  p^i,  the  eccentricity  will  increase  from  p,  to  p,  and  from  p'g  to  p'„ 
and  will  decrease  from  Pg  to  P,  and  from  p^g  to  p'g ;  and  the  nuiial 
component  being  positive  from  p,  to  p',  and  from  p^i  to  P|,  the 
eccentricity  will  increase  throughout  the  former  and  decrease 
throughout  the  latter  arc. 

If,  then,  the  several  arcs  of  the  ellipse  in  which  the  eccentricity 
increases  be  compared  with  those  in  which  it  decreases,  they  will  be 
found  to  be  perfectly  equal  and  symmetrical,  so  that  the  int^isity 
of  the  radial  components  which  produce  increase  will  be  equal  on 
the  whole  to  those  which  produce  decrease;  consequently,  the  efiects 
of  this  component  on  the  eccentricity  will  be  compensatory. 

Secondly.  Since  the  tangential  component  is  negative  in  the  first 
and  third,  and  positive  in  the  second  and  fourth  quadrants,  it  will 
follow  from  what  has  been  explained  (3163),  that  the  eooentridty 
will  continually  increase  through  the  same  ellipse  Pg  o  P^g,  so  that 
here  again  the  effects  of  the  component  are  compensatory. 

It  follows,  therefore,  that  when  the  line  of  apsides  is  in  quadra- 
ture, the  eccentricity  at  the  end  of  a  complete  synodic  revolution  is 
precisely  what  it  was  at  the  commencement,  suffering,  neverthelessi, 
variations  of  increase  and  decrease  during  such  revolution. 

3209.  The  fhotum  of  the  apsides  greater  in  tyzygies  than  in 
quadrature.  —  It  has  been  already  shown  (3191)  that  the  intensity 
of  the  disturbing  force  directed  from  the  earth  when  the  moon  is  in 
syzygies,  is  twice  as  great  as  its  intensity  directed  to  the  earth  when 
in  quadrature. 

So  far,  therefore,  as  depends  on  the  radial  component,  it  may  be 
inferred  that  the  progressive  motion  imparted  to  the  apsides  when 
in  syzygies,  will  be  greater  than  the  regressive  motion  imparted  to 
them  in  quadrature. 

But  if  the  effect  of  the  tangential  component  on  the  line  of 
apsides  in  quadrature  be  compared  with  its  effect  in  syzygies,  it  will 
be  found  to  be  nearly  the  same.  The  effect,  therefore,  of  the 
greater  intensity  of  the  radial  component  not  being  affected  by  that 
of  the  tangential,  the  progressive  motion  imparted  by  the  disturbing 
force  to  the  apsides  in  syzygies  is  found  to  be  greater  than  the 
regreissive  motion  imparted  to  them  in  quadrature ;  in  £iet,  it  is 
found  that  in  each  synodic  revolution  of  the  moon,  when  the  ap- 
sides are  in  syzygies,  a  progressive  motion  of  11^  is  imparted  to 
them,  while  the  regressive  motion  imparted  to  them  in  each  synodic 
revolution,  when  in  quadrature,  is  only  9^.  If,  then,  two  such 
synodic  revolutions  be  compared;  one  in  syaygies  and  the  other  in 
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qnadratare)  the  reault  will  be  a  progression  of  the  apmdes  amoant- 
ingtolP  — 9°  =  2^ 

Several  ciroumstancea  attending  the  moon's  motion  combine  in 
producing  this  difference  in  the  effects  of  the  apsides  in  the  two 
positions.  The  synodic  motion  of  the  moon  is  slower  at  apogee 
than  at  perigee  in  the  ratio  of  9  to  13 ;  that  is  to  say^  while  the 
moon  departs  from  the  sun  at  perigee  through  18^,  it  will  depart 
at  apogee  through  only  9^.  The  consequence  of  this  is,  that  the 
slower  synodio  motion  at  apc^  leaves  a  longer  time  for  the  operas 
tion  of  the  son's  disturbing  ferce  upon  the  earth  than  at  perigee. 
Thoa^  this  force  is  not  only  more  enersetic  at  apogee  than  at  peri« 
gee,  since  its  intensity  is  proportional  to  the  mean  distance  from 
the  earthy  but  the  more  intense  foroe  acts  for  a  lonser  time. 

When  perigee  is  in  conjunction,  the  motion  of  the  apsides  being 
progressive,  and  at  the  rate  of  11®  in  each  synodio  revolution,  while 
the  progressive  motion  of  the  sun  in  the  same  time  is  about  27®,  it 
follows  that,  in  each  synodic  revolution,  the  sun  will  depart  from 
perigee  through  a  distance  of  27''—  IP  =  W. 

Sut  when  the  sun  is  in  quadrature,  the  regressive  motion  of  the 
apsides  in  each  revolution  being  9®,  while  Ske  progressive  motion 
of  the  sun  is,  as  before,  27®,  the  sun  and  perigee  will  depart  from 
each  other,  in  each  synodic  revolution,  through  27®  +  9®  =  86®. 

It  appears,  therefore,  that  the  separation  of  the  sun  and  perigee, 
in  each  synodic  revolution  when  perigee  is  in  syzygies,  is  greater 
than  when  it  is  in  quadrature,  in  the  proportion  of  36  to  16,  or 
9  to  4. 

It  is  evident  from  this,  therefore,  that  another  cause  operates  in 
favour  of  the  more  continued  action  of  the  disturbing  force  in  pro- 
ducing a  pro^^reisive  motion  in  sysygies  than  in  producing  a  regres- 
sive motion  m  quadratures,  inasmuch  as,  from  what  has  been  just 
explained,  the  sun  separates  itself  from  the  position  favourable  to 
the  action  of  the  disturbing  force  more  than  twice  as  rapidly  in 
quadratures  than  in  syiygies. 

Fourth  Gabs. 
whbn  thb  apsibxs  arb  obuqub  to  thb  linb  of  8tz70ib8. 

8210.  Motion  of  the  ajmdei, — ^It  has  been  shown  that  when  the 
apsides  are  in  sysygy  the  disturbing  foroe  imparts  to  them  a  pro* 
gressive  motion  at  the  rate  of  about  11®  in  each  synodic  revolution, 
and  that  when  they  are  in  ouadrature  it  imparts  to  them  a  regres- 
sive motion  at  the  rate  of  ai)out  9®  in  each  synodic  revolution.  It 
might  therefore  be  expected,  that  if  the  line  of  apsides  assume  sue- 
ceasively  increasing  inclinations  with  the  line  of  sysygies,  from  0® 
to  90®,  the  progressive  motion  of  11®  imparted  to  the  apsides  at 
syzygies  would  gradually  decrease,  and  at  some  intermediate  incli- 
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nation  between  0^  and  90^  wonld  become  nothing,  after  wbich  tbe 
motion  imparted  to  the  apsides  becoming  regressive,  would  gradoallj 
increase  until  it  becomes  9°  in  each  sjno£c  revolution^  when  the 
line  of  apsides  is  in  quadrature. 

If  the  conditions  which  determine  the  effect  of  each  component 
of  the  disturbing  force  upon  the  direction  of  the  line  of  apsides,  in 
relation  to  that  of  syzjgies,  be  clearly  fixed  in  the  mind,  the  stndent 
will  have  no  difficulty  in  seeing  that  this  in  fact  will  be  the  case. 
For  this  purpose,  it  is  only  necessary  to  draw  the  elliptic  orbit  with 
its  major  axis  inclined  to  the  line  of  syzygies  at  suooessively  in- 
creasing angles,  and  to  examine  and  compare  carefully  the  difierent 
effects  produced  by  each  component  of  the  disturbing  force  upon 
the  moon  at  different  elongations  from  the  sun,  in  each  position  of 
the  apsides  in  relation  to  syzygy.  It  will  be  found  that  when  the 
line  of  apsides  makes  a  very  small  angle  with  the  line  of  syxygies, 
the  effect  of  the  disturbing  force  is  very  little  less  than  at  syzygies, 
and  that,  accordingly,  a  progressive  motion  is  imparted  to  the  ap- 
sides, very  little  less  than  IP ;  and  on  the  other  hand,  that  when 
the  line  of  apsides  makes  with  that  of  syzygies  an  angle  but  little 
less  than  90^^  the  regressive  motion  imparted  to  the  apsides  is  little 
less  than  9''. 

It  will  not  be  necessary  here  to  multiply  the  details  of  this 
analysis,  by  going  through  the  particulars  of  all  such  cases ;  but  it 
may  be  useful  to  illustrate  the  mode  of  investigating  them,  by 
showing  the  effects  of  the  disturbing  force  on  the  line  of  apsides, 
when  that  line  is  inclined  to  that  of  syzygies  at  the  angle  of  54^ 
44'  T'f  at  which  the  effects  of  the  disturbing  force  in  imparting  pro- 
gressive and  regressive  motion  to  the  apsides  are  compensatory,  or 
nearly  so^  and  where,  therefore,  the  apsides  at  the  end  of  a  synodic 
revolution  have  the  same  direction  as  at  its  commencement 

3211.  When  the  moan's 
perigee  is  54°  44'  7"  before 
the  point  of  conjunction,  — 
Let  0  Q.fig.  847,  be  the  line 
of  syzygies,  o  being  the  point 
of  conjunction  when  the 
moon's  perigee  p  is  54°  44' 
7"  before  it,  and  when,  con- 
sequently, the  apogee  a  is  at 
the  same  angular  distance 
from  the  point  of  opposition 
0.  The  line  of  apsides  will 
then  coincide  with  the  line 
which  in  the  preceding  dia- 
grams  has  been  marked  P| 
Fig.  847.  p'a^  and  the  line  m  n  passing 
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through  8  at  right  angles  to  the  line  of  apsides,  will  lie  in  advance 
of  the  line  p'l  F^,  which  is  inclined  to  the  line  of  syzygies  on  the 
other  side  of  it  at  the  angle  54^  44'  7". 

We  shall  consider,  firtt^  the  effect  of  the  radial,  and  secondly,  of 
the  tangential  component. 

JFirst.  From  what  has  heen  already  proved  (3163),  it  appears 
that  a  positive  radial  component  will  render  the  apsides  regressive 
while  the  moon  passes  from  m  to  n,  and  progressive  while  it  passes 
from  n  to  m,  and,  consequently,  that  a  negative  radial  component 
will  produce  a  contrary  effect.  By  comhining  these  with  the  condi- 
tions which  determine  the  changes  of  sign  of  the  radial  component, 
explained  in  the  present  chapter,  it  may  he  easily  inferred,  that  the 
apsides  will  he  progressive,  while  the  moon  moves  from  j?  to  p,  from 
m  to  P^„  and  from  p'l  to  n,  and  that  they  will  he  regressive  while 
the  moon  moves  through  the  arcs  P,  m,  a  p'l,  and  n  Pj ;  and  it  will 
be  easy  to  perceive  that  the  aggregate  length  of  these  arcs  is  not 
only  nearly  equal,  but  that  their  distances  from  s  are  nearly  the 
same,  consequently  the  extent  of  the  orbit  through  which  the  radial 
component  renders  the  apsides  progressive,  is  nearly  equal  to  that 
through  which  it  renders  it  regressive.  The  effects  of  this  compo- 
nent are  therefore  compensatory. 

Secondly.  It  appears  from  what  has  heen  proved  (3163)  that  a 
poeitive  tangential  component  renders  the  apsides  progressive  while 
the  moon  moves  from  j9  to  a,  and  regressive  while  it  moves  from  a 
to  py  and  that  a  negative  tangential  component  has  contrary  effects. 
Bj  combining  these  with  what  has  been  proved  in  the  changes  of 
sign  of  the  tangential  component  in  the  present  chapter,  it  will  be 
easy  to  infer  that  this  component  will  render  the  apsides  progressive 
from  Ps  to  o,  from  a  to  p'l,  and  from  o  to  /?,  and  regressive  from  p 
to  Pg,  from  o  to  a,  and  from  p^g  to  o ;  and  by  comparing  these  arcs 
as  before,  it  will  be  obvious  that  they  are  nearly  equal  in  length  and 
at  nearly  equal  distances  from  s,  and  that  consequently  the  effects 
of  this  component  of  the  disturbing  force  are  also  compensatory. 

It  follows  therdbre,  generally,  that  in  this  position  of  the  moon's 
perigee  no  motion  is  imparted  to  the  line  of  apsides  in  a  complete 
syn^c  revolution,  but  that  alternate  motions  of  progression  and 
regression  of  equal  total  amount  are  imparted  to  it  during  each 
revolution. 

3212.  When  the  moon's  perigee  is  64°  44'  7"  behind  the  point 
of  opposition.  —  This  case  is  represented  in  fy.  848,  the  moon's 
apogee  being  the  same  distance  behind  the  point  of  conjunction  o. 

We  shall,  as  in  the  former  case,  consider,  ^r<<,  the  effect  of  the 
radial,  and  secondly,  that  of  the  tangential  compK>nent. 

First.  Upon  the  same  principles  as  were  applied  in  the  preceding 
case,  it  will  follow  that,  by  the  effect  of  the  radial  component,  the 
apsides  will  be  progressive  while  the  moon  moves  from  m  to  p'^ 
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Fig.  848. 


from  p^i  to  n,  and  from  i^i 
to  P^99  and  regresam  wUe 
the  moon  moyes  from  py^ 
fHy  from  F^f  to  p'l  and  froB  s 
to  Pi ;  and,  as  b^brey  if  tfaea 
arcs  be  oompared  both  h  to 
length  and  distance  froai  s, 
it  will  be  frand  that  tk 
eneots  of  this  oontponent  es 
the  lines  of  apades  are  ood- 
pensatoiy. 

Secondly.  Bj  the  sane 
prindpies  as  before,  it  iriH 
follow  that,  by  the  eSset  of 
the  tangential  oompoHil^  tbe 
apsides  will  be  jnegrtwiTB 
while  the  mocm  BKWi  h"" 
p,  to  O;  from  p's  to  ^i,  and  from  c  to  p^,  and  regressive  vHi  tiie 
moon  moves  from  m  to  P,,  from  p',  to  o,  and  from  p^  fa  l|f-«^ 
as  before,  it  will  be  apparent  by  oomparing  these  aix»  ^^ 
effects  on  the  apsides  are  compensatory. 

It  follows  therefore^  as  before,  that  in  this  ease  the 
force,  in  a  complete  synodic  revolution^  produces  no  cbaagaAi  tbe 
position  of  the  line  of  apsides,  and  that  this  line  osdllaies  iMi  an 
alternate  regressive  and  progressive  motion  during  sueh  revohitioD. 

8218.  Whenpcr^ubi'' 
44'  7"  be/ore  the  paint  of 
oppositkm.  —  In  this  ctae, 
which  is  represented  in  fy^ 
849,  the  point  of  apojree  will 
be  at  the  same  angular  £s- 
tanee  before  the  point  of  ctm- 
junction  o. 

FimL  In  the  same  manner 
as  in  the  former  case,  \%  will 
be  apparent  that  bj  the  effects 
of  the  radial  component  the 
line  of  apsides  will  be  pro- 
gressive from  p',  to  p^i,  fron 
m  to  Pi,  and  from  p,  to  a, 
and  regressive  from  n  iojf^ 
from  F|  to  m,  and  from  P|  to 
P2;  and,  in  the  same  man- 
ner as  before^  the  efiects  through  tliese  arcs  will  be  shown  to  be 
compensatory. 

^Secondly.  Iq  the  same  way  it  follows  that  by  the  effects  of  the 
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taDgential  component  the  apsides  will  be  rendered  progressive  while 
the  moon  moves  from  o  to  P^s,  from  p'j  to  0,  and  from  Pj  to  P,,  and 
that  they  will  be  regressive  while  it  moves  from  Pj  to  o,  from  p^,  to 
p'g,  and  from  0  to  Pj ;  and  it  will  appear  as  before  that  the  effects 
are  compensatory. 

It  follows,  therefore,  in  general,  as  in  the  former  cases,  that  in 
this  position  of  perigee  the  line  of  apsides  suffers  no  change  of 
direction  from  the  action  of  the  disturbing  force  after  a  complete 
synodic  revolution,  but  that,  during  such  revolution  as  before,  it 
oscillates  on  either  side  of  its  mean  position. 

8214.  When  perigee  is  64°  44'  7"  behind  conjunction, — In  this 

case,  which  is  represented  in 
fy/-  ^^^}  *^®  ^^^^  ^^  apogee  is 
at  the  same  angular  distance 
behind  the  point  of  opposition. 
First.  By  the  effects  of  the 
radial  component  the  apsides 
will  be  rendered  progressive 
while  the  moon  moves  from 
Pt  to  n,  from  p^,  to  P^„  and 
firom  m  to  Pii  and  regressive 
while  it  moves  from  Pi  to  Pt, 
from  n  to  p't)  and  from  P^i  to 
m;  and  as  before,  it  may  be 
shown  that  the  effects  in  these 
cases  respectively  are  com- 
pensatory. 

Kg.  850.  Secondfy.  By  the  effects  of 

the  tangential  force  ItappearSy 
in  like  manner,  that  the  apsides  will  be  rendered  progressive  from  o  to 
T^2,  from  p^i  to  0,  and  from  Ps  to  Pt,  and  regressive  from  P|  to  o,  from 
v^itov'iy  and  from  o  to  P,;  and  that,  in  like  manner^  these  effects 
are  compensatory. 

It  follows,  therefore,  that  in  this  position  of  the  moon's  perigee 
no  effect  is  produced  by  the  disturbing  force  upon  the  direction  of 
the  line  of  apsides  after  a  complete  synodic  revolution,  but  that  line, 
as  before,  during  such  revolution  oscillates  on  the  one  side  and  on 
the  other  of  its  mean  position. 

8215.  Summary  of  the  motions  of  the  apsides, — ^After  what  has 
been  explained  above,  the  motion  of  the  line  of  apsides  in  all  its 
positions  with  relation  to  the  line  of  syzygies  may  be  eafiily  inferred. 
It  must  be  remembered  that  the  lines  of  syzygies  and  apsides  being 
both  affected  with  a  mean  progressive  motion,  that  of  syzygies,  how- 
ever, being  much  more  rapid  than  that  of  apsides,  it  will  follow  that, 
the  lino  of  sjzjgies  after  each  successive  synodic  revolution  will 
gain  upon  the  line  of  apsides,  advancing  constantly  before  it. 
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Let  ns  then  imagine^  first^  that  the  moon's  perigee  is  in  eon- 
junction. 

The  line  of  apsides  will  then,  according  to  what  has  been 
proved,  after  one  synodic  revolution  be  affected  by  a  progressive 
motion.  After  the  next  synodic  revolution  the  line  of  syzygies  will 
have  advanced  before  that  of  apsides,  and  the  progressive  motion 
imparted  to  the  latter  will  be  less  than  before,  and  after  each  suc- 
cessive synodic  revolution  the  line  of  syzygies  advancing  further  and 
further  in  advance  of  the  line  of  apsides,  the  progressive  motion  im- 
parted to  the  latter  will  become  less  and  less  until  the  line  of  syzy- 
gies having  advanced  to  the  distance  of  54°  44'  7"  from  the  line  i»f 
apsides  the  progressive  motion  ceases,  and  the  line  of  apsides 
becomes  stationary. 

After  this,  the  line  of  syzygies  advancing  to  a  still  greater  angu- 
lar distance  from  the  apsides,  the  motion  imparted  after  each  revo- 
lution to  the  latter  becomes  regressive,  and  its  regressive  amount 
increases  every  successive  synodic  revolution  until  the  line  of  apsides 
comes  into  quadrature,  when  the  regressive  motion  of  the  apsides 
produced  in  a  complete  synodic  revolution  becomes  a  maximum. 
After  this  when  the  line  of  syzygies  has  advanced  more  than  90^ 
from  the  line  of  apsides  the  regressive  motion  imparted  in  each  re- 
volution becomes  less  and  less  until  the  line  of  apsides  has  approached 
within  54°  44'  1"  of  opposition,  when  the  regressive  motion  vanishes 
and  the  line  of  apsides  again  becomes  stationary;  after  this  it 
becomes  progressive,  the  amount  of  its  progressive  motion  con- 
tinually increases  until  the  point  of  perigee  comes  into  oppositioDy 
where  it  is  a  maximum.  While  perigee  passes  successively  from 
opposition  to  conjunction  the  same  variations  of  the  motion  of  the 
apsides  takes  place,  but  in  a  contrary  order. 

Thus  it  appears  that  the  arc  of  each  synodic  revolution  through 
which  the  disturbing  force  produces  a  progressive  effect  is  54°  44'  T' 
X  2  =  109°  28'  14",  while  the  arc  through  which  it  produces  a 
regressive  motion  is  only  35°  15'  53"  X  2  =  70°  31'  46".  The 
predominance  of  the  progressive  over  the  regressive  effect  results 
therefore  from  the  greater  range  through  which  the  former  is  pro- 
duced, combined  with  the  fact,  that  within  this  range  the  intensity 
of  the  disturbing  force  is  equal  to  twice  its  intensity  through  the 
shorter  arc,  over  which  the  motion  is  regressive. 

3216.  Effects  of  the  disturbing  force  upon  the  eccentricity, — It 
remains  now  to  examine  the  effects  produced  upon  the  eccentricity 
of  the  moon's  orbit  by  the  disturbing  force  when  the  line  of  apsides 
has  the  same  positions. 

It  has  been  already  shown,  that  when  the  line  of  apsides  is  in 
syzygies  and  quadratures,  the  effects  of  the  disturbing  force  upon 
the  eccentricity  are  compensatory,  and  that  this  element  at  these 
points  undergoes  no  change  of  magnitude.     If^  therefore,  it  be 
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subject  to  DO  variation,  it  is  plain  that  at  these  points  it  must  he 
t  ither  a  maximum  or  a  miuimum^  since  it  is  neither  on  the  increase 
or  decrease. 

5>'217.  )Yhe7i  pent/ce  is  54°  44'  7"  he/ore  the  point  of  conjunction, 
—  ^Vc  shall  consider  as  hefore,  ^r/'s/,  the  effects  of  the  radial,  and 
.^rcfwdh/f  those  of  the  tangential  component  upon  the  eccentricity. 

/Vr.s/.  It  appears  from  what  has  been  proved,  that  a  positive 
radial  component  will  cause  the  eccentricity  to  diminish,  while  the 
moon  moves  from  perigee  to  apogee,  and  to  increase  while  it  moves 
from  apogee  to  perigee,  and  that  a  negative  radial  component  will 
have  a  contrary  effect.  It  will  follow,  therefore,  in  this  ease  by  com- 
bining  this  principle  with  the  conditions  determining  the  change  of 
sign  of  the  radial  component  explained  in  the  present  chapter,  that 
it  will  cause  the  eccentricity  to  increase  while  the  moon  moves  from 
P3  to  p',,  f(/.  847,  and  to  decrease  while  it  moves  from  p',  to  P,. 
}$ut  it  will  be  evident  by  comparing  the  lengths  of  these  two  arcs, 
and  their  distances  from  B,  that  the  effect  of  the  disturbing  force 
will  be  much  greater  in  the  former  than  in  the  latter,  and  conse- 
quently, that  the  increase  of  the  eccentricity  in  the  former  must 
greatly  exceed  the  decrease  in  the  latter,  and  therefore,  that  the 
effect  of  the  radial  component  in  an  entire  synodic  revolution  will 
be  to  increase  the  eccentricity. 

Secondly »  It  appears  from  what  has  been  explained  that  the 
effect  of  a  positive  tangential  component  will  be  to  decrease  the 
eccentricity  while  the  moon  moves  from  m  to  n,  and  to  increase  it 
while  it  moves  from  n  to  m,  and  that  a  negative  tangential  com- 
ponent will  have  contrary  effects.  By  combining  this  with  the 
changes  of  sign  explained  in  the  present  chapter,  it  will  follow  that 
the  eccentricity  will  be  increased  while  the  moon  moves  from  pg  to 
fn,  from  o  to  p'g,  and  from  n  to  c,  and  that  it  will  be  decreased 
while  it  moves  from  c  to  P,,  from  m  to  o,  and  from  p's  to  n,  and  by 
comparing  these  arcs  both  with  relation  to  their  extent  and  their 
distance  from  s,  it  will  be  apparent  that  the  increase  of  the  eccen- 
tricity must  exceed  the  decrease,  and  that  consequently  the  result  of 
a  whole  synodic  period  will  be  to  cause  the  eccentricity  to  increase. 

It  appears,  therefore,  that  both  components  of  the  disturbing  force 
in  this  position  of  the  line  of  apsides  will  cause  the  eccentricity  to 
increase  during  each  synodic  revolution,  being  subject  nevertheless 
during  such  revolution  to  alternate  increase  and  decrease. 

3218.  }Vhcn  pcritjee  is  b\^ -^V  1'^  behind  opposition.  —  First, 
i  By  the  effects  of  the  radial  component  it  may  be  shown,  as  before, 
I  that  the  eccentricity  will  constantly  increase  while  the  moon  moves 
from  p,  to  V^iyfy.  818,  and  will  continually  decrease  while  it  moves 
from  1*^3  to  P|,  and  it  will  be  obvious,  from  considering  the  mag- 
nitude of  these  arcs  and  their  distances  from  s,  that  the  decrease  of 
the  eccentricity  will  considerably  exceed  the  increase;  and  that. 
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therefore^  this  component  of  the  distarbing  force  will^  daring  an 
entire  revolution,  canse  the  eccentricitj  to  decrease. 

Secondly.  By  the  effects  of  the  tangential  force,  it  may  be 
shown,  as  before,  that  the  eccentricity  will  be  increased  while  the 
moon  moves  from  pj  to  o,  from  m  to  p'g,  and  from  c  to  n,  and  that 
it  will  be  decreased  while  the  moon  moves  from  n  to  P,,  from  o  to 
m,  and  from  p'j  to  0,  and  by  compariDg  these  arcs  it  will  be  obvious 
that  the  total  decrease  will  exceed  the  total  increase. 

It  results  therefore  from  this,  that  both  components  of  the  dis- 
turbing force  in  this  position  of  perigee  causes  the  eccentricity  to 
decrease  in  a  complete  synodic  revolution. 

3219.  When  perigee  i$  54°  44'  7"  be/ore  ojyposttion.  —  Fir$t.  — 
It  may  be  shown  as  before^  that  the  radial  component  will  cause  the 
eccentricity  continually  to  increase  while  the  moon  moves  from  p'l 
to  Ps,  Jig.  849,  and  to  decrease  continually  while  it  moves  from  p, 
to  P'l,  and  by  comparing  these  arcs  as  before,  it  will  be  apparent 
that  the  increase  greatly  exceeds  the  decrease,  and  therefore,  so  fair 
as  relates  to  the  radial  component,  the  eccentricity  during  each 
synodic  revolution  will  suffer  an  increase. 

Secondly.  By  the  effects  of  the  tangential  component,  the  eccen- 
tricity will  increase  while  the  moon  moves  from  c  to  Pg,  from  n  to  o 
and  from  p',  to  m,  and  will  decrease  while  it  moves  from  p,  to  n, 
from  o  to  F^2  and  from  m  to  C,  and  by  comparing  these  arcs  as  before, 
it  will  be  apparent  that  the  increase  will  exceed  the  decrease. 

It  follows,  therefore,  that  the  effect  of  both  components  in  this 
position  of  the  apsides  during  an  entire  synodic  revolution  is  to 
cause  the  eccentricity  to  increase. 

3220.  When  perigee  is  54°  44'  7"  behind  conjunction. — First. 
In  this  case  it  may  be  shown  that  the  radial  component  will  cause 
the  eccentricity  to  decrease  while  the  moon  moves  from  P|  to  p^„ 
Jiff.  850,  and  to  increase  while  it  moves  from  p'j  to  P„  and  by  com- 
paring these  arcs,  it  will  appear,  as  before,  that  the  decrease  will 
greatly  exceed  the  increase,  and  that,  therefore,  on  the  whole,  in 
each  synodic  revolution  the  radial  component  will  cause  the  eccen- 
tricity to  decrease. 

Secondly.  By  the  effect  of  the  tangential  force,  the  eccentricity 
will  increase  while  the  moon  moves  from  m  to  P,,  from  o  to  9t,  and 
frt)m  p's  to  0,  and  will  decrease  while  it  moves  from  Ps  to  o,  from  n 
to  p'g,  and  from  o  to  m,  and  by  comparing  these  arcs  as  before^  it 
will  be  apparent  that  the  decrease  will  exceed  the  increase. 

It  follows,  therefore,  that  the  result  of  the  whole  disturbing  force 
in  this  position  of  the  apsides  is  to  cause  a  decrease  of  the  eccen- 
tricity in  each  synodic  revolution. 

3221.  Extreme  and  mean  values  o/  eccentricity.  —  It  appears, 
therefore,  generally,  that  when  perigee  is  in  conjunction,  the  eccen- 
tricity does  not  vary,  and  that  as  the  point  of  conjunction  recedes 
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from  perigee,  the  ecceDtricitj  decreases,  and  continues  to  decrease 
until  the  point  of  conjunction  is  90°  from  perigee,  when  the  eccen- 
tricity again  becomes  stationary,  its  decrease  ceasing.  When  the 
conjunction  advances  more  than  90°  from  perigee,  the  eccentricity 
again  increases  and  continues  to  increase  until  the  point  of  conjunc- 
tion has  moved  180°  before  perigee,  when  the  increase  ceases. 
After  this,  the  eccentricity  again  decreases,  and  continues  to  decrease 
until  the  point  of  conjunction  gains  another  quadrant  on  perigee, 
when  the  increase  ceases  and  the  decrease  commences,  which  is  con- 
tinued through  another  quadrant.  It  appears,  therefore,  that  the 
eccentricity  is  a  maximum  when  the  apsides  are  in  quadrature,  and 
a  minimum  when  they  are  in  conjunction,  and  that  consequently  it 
gradually  increases  while  the  apsides  move  from  conjunction  to 
quadrature,  and  gradually  decreases  while  they  move  from  quadra- 
ture to  conjunction. 

If  c'  express  the  value  of  the  eccentricity  while  the  apsides  are 
in  quadrature,  and  e"  their  value  when  in  conjunction,  the  mean 
value  being  e,  it  is  found  that 

c':e:e"=  1-50:  1-25: 100; 

80  that  the  extreme  range  of  variation  of  the  eccentricity  of  the 
moon's  orbit  is  as  3  to  2. 

EFPECTS  OF  THE  DISTURBING  FORCE  UPON  THE  LUNAR  NODES  AND 
INCLINATION. 

From  what  has  been  proved  in  general  (3158.  ei  teg,),  it  will 
appear  that  when  the  moon  is  less  distant  than  the  earth  from  the 
snn,  the  orthogonal  component  of  the  disturbing  force  will  have  a 
tendency  to  draw  it  out  of  the  plane  in  which  it  is  moving  towards 
the  side  on  which  the  sun  is  placed,  and  that  when  the  moon  is 
more  distant  than  the  earth  from  the  sun,  the  orthogonal  component 
will  have  a  tendency  to  draw  it  out  of  the  plane  in  which  it  moves 
to  the  side  opposite  to  the  sun. 

But  it  has  also  been  proved  that  the  nodes  will  have  a  progres- 
sive or  regressive  motion,  according  to  the  direction  of  the  orthogonal 
force  in  the  successive  quadrants  of  its  orbit  between  node  and 
node. 

It  will,  therefore,  be  necessary  to  consider  successively  the  effects 
of  the  disturbing  force  in  the  various  positions  which  the  lines 
of  syzygies  and  quadratures  may  assume  with  relation  to  the  line 
of  nodes. 

First  Case. 

3222.  Wlien  the  line  of  %yzygxei  is  in  the  line  of  nodes. — In  this 
case,  it  is  evident  that  the  orthogonal  component  of  the  disturbing 
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force  will  be  nothiDg^  since  the  whole  attraction  of  the  son  is  in  the 
plane  of  the  moon's  orbit^  and;  consequently,  no  part  of  the  attno- 
tion  can  act  at  right  angles  to  that  plane. 

Second  Case. 

3223.   When  the  line  of  nodes  is  in  auadraiure.  —  Let  acoa 
(Jig.  851)^  represent  the  moon's  orbit^  and  ad  A  the  ecliptic  seen  in 
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its  own  plane  and  projected  into  a  straight  line.  Let  A  be  the 
ascending  and  D  the  descending  node,  and  let  the  points  of  syzjgics 
be  supposed  to  be  at  c,  and  o  the  points  of  the  moon's  orbit  most 
distant  from  the  ecliptic,  while  the  points  of  quadrature  Pg  and  p'l 
are  at  the  nodes  a  and  d. 

It  has  been  already  shown,  that  when  the  moon  is  in  quadratures 
the  whole  disturbing  force  is  radial,  and  being  directed  to  the  sun 
and  in  the  plane  of  the  moon's  orbit,  it  can  have  no  component  per- 
pendicular to  that  plane,  and  therefore  the  disturbing  force  at  these 
points  can  ha^e  no  tendency  to  change  the  plane  of  the  moon's  orbit. 

While  the  moon  moves  from  a  through  o  to  D,  its  distance  from 
ihe  sun  being  less  than  that  of  the  earth,  and  the  sun  being  sup- 
posed to  be  below  the  plane  of  the  orbit,  the  orthogonal  oomponent 
of  the  disturbing  force  will  everywhere  have  a  tendency  to  dnw  the 
moon  nearer  to  the  plane  of  the  ecliptic  A  b  ;  and,  according  to  what 
has  been  proved  (3161),  it  follows  that^  through  the  entire  semi- 
eircle  A  CD,  the  orthogonal  component  will  impart  a  regressive 
motion  to  the  line  of  nodes,  and  from  A  to  o,  it  will  cause  the  incli- 
nation to  decrease,  and  from  o  to  D  to  increase. 

While  the  moon  moves  from  D  through  o  to  A,  being  at  a  greater 
distance  than  the  earth  from  the  sun,  the  orthogonal  component  has 
a  tendency  to  repel  the  moon  further  from  the  sun,  which^  in  this 
case,  will  have  the  effect  of  drawing  the  moon  from  the  semicircle 
DO  A  towards  the  pkne  of  the  ecliptic  da;  and,  consequently, 
according  to  what  has  been  proved  (3161),  its  effects  will  be  to 
impart  a  regressive  motion  to  the  line  of  nodes  throughout  the  semi- 
circle DO  A,  and  to  cause  the  inclination  to  decrease  from  D  to  o, 
and  to  increase  from  o  to  A. 

Thus  it  appears  that,  in  this  position  of  the  lines  of  quadratare 
and  syzygies,  a  continual  motion  of  regression  is  imparted  to  the 
nodes,  except  at  the  points  A  and  D,  where  the  effect  is  nothing. 
Commencing  from  A,  the  regression  of  the  nodes  continually  in- 
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creaBes  with  the  increase  of  the  orthogonal  force,  until  the  moon 
arrives  at  o,  when  the  regression  is  a  maximum ;  it  then  decreases 
and  continues  to  decrease  until  the  moon  arrives  at  D,  where  it 
vanishes ;  it  again  increases  from  d  to  o,  where  it  is  again  a  maxi- 
mum, and  decreases  from  o  to  A,  where  it  vanishes. 

The  change  of  inclination  produced  by  the  disturbing  force  being 
nothing  at  a,  the  inclination  decreases  continually  from  a  to  o,  and 
increases  from  c  to  D.  It  is,  therefore,  a  minimum  at  o.  After 
passing  D,  it  decreases  from  d  to  o,  and,  consequently,  is  a  maximum 
at  D.  After  passing  o,  it  increases  from  o  to  A,  and  iS;  consequently 
a  minimum  at  o. 

Thus  it  appears  that  the  inclination  is  least  at  conjunction  and 
opposition,  and  greatest  at  quadratures,  —  that  is,  in  the  present 
position  of  the  lines  of  syzygies  and  quadrature,  it  is  least  when  the 
moon's  latitude  is  greatest,  and  greatest  when  the  moon's  latitude 
is  nothing. 

Third  Case. 

3224.  When  the  line  of  syzygtes  is  less  than  90°  he/ore  the  line 
of  nodes.  —  This  case  is  represented  injig.  852,  where,  as  before,  A 


Fig.  853. 

ascetiding  and  d  the  descending  node,  o  and  o  being  the  extremities 
of  the  line  of  syzygies,  and  Ps  and  F^a  those  of  the  line  of  quadratures, 
the  points  s  and  e'  being  those  at  which  the  moon's  orbit  is  most 
distant  frt)m  the  ecliptic,  and^  therefore,  the  middle  points  of  the 
semicircles  a  d  and  D  a. 

From  what  has  been  explained,  it  is  evident  that  the  orthogonal 
component  at  p,  and  p'g  will  be  nothing,  since  at  these  points  the 
disturbing  force  is  radial;  and  it  has  been  already  shown  that  at  the 
nodes  A  and  D  the  orthogonal  component  is  also  nothing. 

While  the  moon  moves  from  p',  through  a  and  o  to  P,  the  dis- 
turbing force  tends  to  draw  it  from  the  plane  of  its  orbit  towards 
the  ecliptic,  and  while  it  moves  from  p,  through  d  and  o  to  p'^  the 
disturbing  force  tends  to  draw  it  up  from  the  plane  of  her  orbit; 
therefore  in  moving  from  p',  to  A  the  disturbing  force  draws  it  from 
the  plane  of  the  ecliptic,  and  while  it  moves  from  A  to  P^  through  o 
and  E  the  disturbing  force  draws  it  towards  the  plane  of  the  ecliptic. 

While  the  moon  moves  from  Pg  to  B  it  draws  the  moon  from  the 
plane  of  the  ecliptic,  and  while  it  moves  frt)m  D  through  o  and  eT 
to  Pg  it  draws  it  towards  the  plane  of  the  ecliptic. 
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By  combiniDg  these  results  with  what  has  been  proved  in  31G1, 
it  will  follow  that  while  the  moon  moves  from  A  to  Pg  and  from  d  ' 
to  p'a  a  regressive  motion,  and  while  it  moves  from  p,  to  D  and  from 
p'g  to  A  a  progressive  motion,  is  imparted  to  the  line  of  nodes. 
Now  it  will  appear  by  inspection  of  the  figure,  that  the  arc  A  P,  is 
greater  than  the  arc  Pj  d,  and  that  the  arcD  P's  is  greater  than  p^,  a, 
and,  consequently,  it  follows  that  the  sum  of  the  arcs  through 
which  a  retrograde  motion  is  imparted  is  much  greater  than  the  sum 
of  the  arcs  through  which  a  progressive  motion  is  imparted, '  and 
consequently,  after  the  synodic  revolution  has  been  completed,  the 
line  of  nodes  on  the  whole  will  have  retrograded. 

It  follows,  also,  from  what  has  been  stated  that  from  p^,  to  E  and 
from  P2  to  e'  the  inclination  will  decrease,  and  from  e  to  P2  and  from 
e'  to  P^2  it  will  increase.  But  since  the  arcs  P^s  £  and  p^  e'  are  re- 
spectively greater  than  E  Vg  and  e'  p'^,  the  sum  of  the  former  will 
be  greater  than  the  sum  of  the  latter,  and  consequently  the  arcs 
through  which  the  inclination  decreases  being  much  greater  than 
those  through  which  it  increases,  there  will  be  on  the  whole  a  de- 
crease of  the  inclination  after  the  synodic  revolution  has  be«n 
completed. 

Fourth  Case. 

8225.  WJien  the  line  of  syzygies  is  more  than  90**  before  the  line 
of  nodes, — In  this  case  while  the  moon  moves  from  p'a  to  v^fig. 
853;  the  disturbing  force  has  a  tendency  to  draw  it  down  towards 


Fig.  853. 

the  ecliptic,  and  from  p,  to  P^a  it  has  an  opposite  effect.  It  follows, 
therefore,  that  while  the  moon  moves  from  p's  to  D  the  line  of  nodes 
regresses,  and  while  it  moves  from  D  to  P2  it  progresses.  While  it 
moves  from  Pg  to  A  it  regresses^  and  while  it  moves  from  A  to  p',  it 
progresses. 

By  comparing  the  lengths  of  these  arcs,  as  before,  it  will  appear 
that  those  where  regress  is  produced  exceed  those  where  progress  \a 
produced,  and  it  follows,  therefore,  that  in  an  entire  synodic  revolu- 
tion the  line  of  nodes  regresses.  It  also  follows  that  while  the 
moon  moves  from  p'g  to  E  and  from  pj  to  e'  the  inclination  is  de- 
creased, and  while  it  moves  from  E  to  Pa  and  firom  b'  to  p'2  the 
inclination  is  increased,  and  by  comparing  the  magnitudes  of  these 
arcs  it  will  be  evident  that  in  the  entire  synodic  revolution  an  in- 
crease of  the  inclination  takes  place. 
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The  same  oonclasions  would  follow  if  d  '*  moon's  orbit  were 
supposed  to  be  inclined  to  the  ecliptic  in  the  other  direction. 

Thus  it  appears  in  general  that  when  the  line  of  nodes  is  in 
S3'zjgie8  no  change  takes  place  either  in  the  position  of  that  line  or 
iQ  the  magnitude  of  the  inclination.  While  it  passes  from  syzygies 
to  quadrature  the  line  of  nodes  regresses  and  the  inclination  dimin- 
ishes ;  when  it  is  in  the  line  of  quadratures  the  line  of  nodes  re- 
gresses, but  the  inclination  is  unchanged ;  and  when  it  is  between 
quadratures  and  syzygies  the  line  of  nodes  still  regresses  and  the 
inclination  is  increased.  Thus  when  the  ff^n  has  described  in  its 
apparent  motion  nearly  one  half  a  revolution  of  the  ecliptic,  there 
is,  on  the  whole,  a  regression  of  the  node  and  an  alternate  increase 
and  decrease  of  the  inclination ;  and  during  its  motion  through  the 
other  half  of  the  ecliptic  similar  changes  are  produced  in  the  same 
order.  It  follows,  that  the  inclination  is  a  maximum  when  the  lino 
of  nodes  is  in  syzygies,  and  a  minimum  when  it  is  in  quadratures. 

8226.  General  bummart  of  the  lunar  inequalities. — 
From  all  that  has  been  stated  in  the  present  chapter  it  appears  that 
the  principal  lunar  inequalities  are  as  follows : — 

1^.  The  annual  equation,  which  depends  on  the  variation  of 
the  disturbing  force  due  to  the  varying  distance  of  the  earth  from 
the  sun  in  its  elliptic  orbit. 

2°.  The  variation,  which  depends  on  the  difference  of  the 
disturbing  force  arising  from  the  synodic  place  of  the  moon. 

3°.  The  acceleration  of  the  moon's  mean  motion,  depend- 
ing on  the  effect  produced  upon  the  disturbing  force  by  the  secular 
variation  of  the  eccentricity  of  the  earth's  orbit. 

4**.  The  parallactic  inequality,  depending  on  the  difference 
between  the  disturbing  forces  of  the  sun  in  conjunction  and  oppo- 
sition. 

5^.  The  equation  of  the  centre,  an  inequality  which,  how- 
ever, cannot  properly  be  called  a  perturbation,  inasmuch  as  it  depends 
only  on  the  elliptic  form  of  the  lunar  orbit,  which  would  subsist 
without  any  disturbing  force. 

6°.  The  alternate  progression  and  regression  of  the 
APSIDES,  depending  on  the  synodic  place  of  the  moon. 

7^.  The  mean  progression  of  the  apsides,  being  the  excess 
of  the  progression  over  the  regression  during  a  synodic  period. 

8®.  The  variation  of  the  eccentricity,  depending  on  the 
synodic  place  of  the  moon. 

9"*.  The  alternate  regression  and  progression  of  the 
nodes,  arising  firom  the  effect  of  the  orthogonal  component  of  the 
distarbing  force. 

10^.  The  mean  regression  of  the  nodes,  arising  from  the 
excess  of  the  regressive  over  the  progressive  motion  during  the 
synodic  revolution. 
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11^.  The  alternate  increase  and  decrease  of  the  in- 
clination. 

The  combined  effects  of  the  seventh  and  eighth  of  the  preceding  in- 
equalities depending  on  the  synodic  position  of  perigee  are  called  bj 
the  common  name,  election.  This  is  the  greatest  inequality  to  which 
the  moon's  place  is  subject,  producing  a  variation  in  the  moon*s 
longitude,  the  extreme  range  of  which  is  2j°.  It  was  discovered  by 
observation  about  the  year  A.  D.  140,  by  Ptolemy. 

The  inequality  arising  from  the  alternate  regression  and  pro- 
gression of  the  nodes  and  the  alternate  increase  and  decrease  of  the 
inclination  were  discovered  by  Tycho,  about  the  year  1590.  This 
is  the  greatest  of  the  inequalities  which  affect  the  moon's  latitude. 
Its  range,  however,  is  limited  to  about  16'. 

3227.  Other  lesser  inequalities, — The  preceding  inequalities, 
numerous  as  they  may  seem,  are  nevertheless  only  the  principal 
effects  of  lunar  perturbations.  There  are  many  others  which  depend 
on  differences  of  intensity  of  the  disturbing  force,  which  have  not 
here  been  taken  into  account;  for  example,  the  rate  of  the  pro- 
gression of  the  apsides,  as  well  as  the  diminution  of  the  lunar  orbit, 
is  affected  by  the  difference  of  the  intensities  of  the  disturbing  force 
at  conjunction  and  opposition. 

The  variation  of  the  intensity  of  this  force  due  to  the  eccentricity 
of  the  earth's  orbit,  affects  also,  to  a  sensible  extent,  the  variation 
of  the  motion  of  the  apsides,  and  the  variation  of  the  eccentricity. 

The  parallactic  inequality  is  also  affected  by  the  position  of  the 
moon  in  relation  to  the  apsides  of  the  earth's  orbit. 

There  are  also  several  small  inequalities  affecting  the  plane  of 
the  moon's  orbit,  depending  on  the  eccentricity  of  the  orbits  of  the 
earth  and  moon. 

In  fact,  the  number  of  corrections,  or  equations  as  they  are  called, 
which  are  applied  to  the  moon  in  the  computation  of  its  true  place 
are  not  less  than  forty. 


CHAP.  XXII. 
Theory  op  the  Jovian  System. 

3228.  Analogy  of  the  Jovian  to  the  terrestrial  system, — What  the 
moon  is  to  the  earth,  each  of  the  Jovian  satellites  is  to  Jupiter,  and 
the  sun  stands  in  the  same  physical  relation  to  both  these  systems. 

It  might,  therefore,  be  expected  that  the  same  series  of  inequali- 
ties which  arise  from  the  disturbing  force  of  the  sun  acting  on  the 
earth  and  moon,  would  be  equally  produced  in  the  case  of  each  of 
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Jupiter's  satellites,  and  that  such  disturbances  do  act  and  that  like 
inequalities  are  produced  cannot  be  doubted. 

3229.  Why  the  same  inequalities  are  not  manifested,  —  But 
when  we  come  to  calculate  the  quantities  of  these  inequalities  in  the 
case  of  Jupiter,  they  are  found  to  be  so  utterly  insignificant  in  their 
numerical  values,  that  they  are  altogether  incapable  of  being  appre- 
ciated by  the  nicest  observation,  except  in  the  case  of  the  fourth 
satellite,  in  whose  motions  inequalities  of  very  minute  amount, 
analogous  to  the  moon's  variation,  evection,  and  annual  equation 
arc  barely  observable,  the  inequality  corresponding  to  the  annual 
equation  in  this  case  amounting  to  no  more  than  2',  and  the  other 
inequalities  being  much  less. 

The  cause  of  this  insignificant  amount  of  the  disturbing  force  of 
the  sun  will  be  easily  understood. 

The  whole  Jovian  system  subtends  at  the  sun  a  visaal  angle  less 
than  one-half  the  apparent  diameter  of  the  sun  as  seen  from  the 
earth,  and  consequently^  lines  drawn  from  the  sun  to  all  points  in 
that  system  will  be  practically  parallel,  and  with  the  exception  of 
the  fourth  satellite,  as  already  mentioned,  the  variation  of  the  dis- 
tances of  the  different  satellites  from  the  sun  is  so  utterly  insignifi- 
cant, compared  with  the  whole  distance,  that  the  corresponding 
variation  of  the  intensity  of  the  sun's  attraction  upon  the  satellites 
and  the  central  body  is  so  minute  as  to  produce  no  perceptible  dis- 
turbing effect.  In  a  word;  the  sun's  attraction  upon  the  Jovian 
system  may  be  regarded  as  a  force  acting  with  equal  intensities  in 
parallel  lines  on  all  parts  of  the  system,  exactly  as  the  force  of 
gravitation  would  act  upon  any  small  group  of  heavy  bodies  placed 
near  the  surface  of  the  earth. 

3230.  Mutual  perturbations  of  the  satellites. — In  this  secondary 
system,  therefore,  contrary  to  what  might  be  expected,  there  is  no 
analogy  whatever  to  the  lunar  theory,  and  all  the  perturbations 
which  are  observable  are  those  due  to  the  mutual  gravitation  of  the 
four  satellites  one  upon  another. 

The  investigation  of  these  perturbations  is  greatly  simplified  by 
the  following  conditions  which  prevail  in  the  system  : 

First,  That  the  undisturbed  orbits  of  all  the  satellites  are  very 
nearly  circular,  those  of  the  first  and  second  being  exactly  so. 

Secondly,  That  they  arc  very  nearly  in  the  common  plane  of  the 
planet's  equator;  and 

Thirdly,  That  the  mean  motions  of  the  three  inner  satellites 
arc  commensurable  in  the  remarkable  manner  already  expressed, 
(2762.) 

3231.  Retrogression  of  tJie  lines  of  conjvnctwn  of  iJie  first  three 
satellites. — As  some  of  the  roost  remarkable  consequences  of  the 
mutual  disturbing  forces  in  this  system  depend  upon  the  relation 
between  the  mean  motions  of  the  three  iuner  satellites  just  men- 
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tioned,  we  shall,  id  the  first  instance,  explain  the  eflTect  of  thti 
relation  upon  the  snccessive  positions  assumed  by  their  line«  of 
conjunction. 

Let  the  three  inner  satellites  be  ex- 
pressed by  b',  s",  s'",  and  their  periods  by 
P,  p",  p"'. 

By  the  line  of  conjunction  of  any  two 
satellites  is  to  be  understood  that  Hue 
which  would  be  drawn  through  their 
places  from  the  centre  of  Jupiter,  where 
they  have  the  same  direction  as  seen  from 
that  centre. 

Thus,  if  J,  fig.  854,  be  the  centre  of  the 

planet,  and  k^  that  of  the  first  satellite, 

the  second  satellite  will  be  in  conjunction 

Fig.  854.  with  it,  if  it  be  at  s",.     Now,  if  the  two 

satellites  move  each  in  its  proper  orbit,  in 

the  direction  of  the  arrows  from  this  position,  the  angular  motion 

360°  890° 

of  the  first  will  be  — ;-  and  that  of  the  second  — =r-  and  since  p'  is 
p'  p' 

less  than  p'',  the  latter  angular  motion  will  be  more  rapid  than 
the  former,  and  the  first  satellite  will  continually  gain  upon  the 
second,  and  after  the  lapse  of  the  interval  called  their  synodic 
period,  the  first  will  overtake  the  second,  and  they  will  be  again  in 
conjunction. 

The  new  direction  of  their  line  of  conjunction,  relatively  to  the 
former,  will  depend  upon  the  relation  which  subsists  between  their 
periodic  times,  and,  consequently,  between  their  mean  motions. 
Now  it  appears  that  the  mean  motions  of  the  first  and  second  are 
very  nearly,  though  not  exactly,  in  the  proportion  of  2  to  1.  By 
reference  to  the  tabular  synopsis  of  the  elements  of  the  Jovian 
system,  in  (2999),  it  will  be  seen  that  the  proportion  of  their  peri- 
odic times  is  as  1769  to  8551,  that  is,  as  1000  to  2007.  It  follows, 
therefore,  that  the  mean  motion  of  the  first  satellite  is  a  little  more 
than  twice  as  rapid  as  the  mean  motion  of  the  second.  If  the  mean 
motion  of  the  first  were  exactly  twice  the  mean  motion  of  the  second, 
the  first  would  make  two  complete  revolutions  while  the  second 
would  make  one;  and,  therefore,  the  second  having  revolved  once 
in  its  orbit,  and  returned  to  s'^,  the  first  would  have  revolved  twice, 
and  would  also  have  returned  to  s'j,  and  in  this  case,  their  line  of 
conjunction  would  always  have  the  same  fixed  direction  j  s'l  s"|. 
But  since  the  periodic  time  of  the  first  is  a  little  less  than  half  that 
of  the  second,  the  first  will  overtake  the  second  before  it  has  quite 
completed  two  revolutions,  and  the  consequence  will  be,  that  tLcii 
next  line  of  conjunction  J  s'j  8^',  will  be  behind  the  former;  so  that 
in  a  single  synodic  revolution,  their  lino  of  conjunction  will  have 
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retrograded  through  the  angle  s"i  j  s"i,  and  in  the  same  manner, 
in  another  synodic  period,  it  will  have  retrograded  through  an  equal 
angle,  and  will  assume  the  direction  j  s'  s",,  and  in  the  same  manner 
at  every  successive  conjunction  it  will  have  retrograded  through  an 
equal  angle,  the  mean  motion  of  the  satellite  beings  supposed  to 
remain  the  same. 

3232.  Change  of  direction  of  line  of  conjunction  in  each  s^no* 
die  revolution.  * —  To  determine  this,  let  ^  be  the  angle  formed  by 
the  line  of  conjunction  at  the  termination  of  each  revolution  with 
the  direction  it  had  at  the  commencement,  such  angle  being  mea- 
sured from  the  latter  position,  in  the  direction  of  the  motion  of  the 
satellites,  so  that,  in  fact,  ^  will  express  the  increase  of  longitude 
which  the  line  of  conjunction  may  receive  in  the  synodic  period. 
Let  if  express  the  synodic  period  of  the  satellites  s'  and  s".  We 
shall  then  have  (2589.) 

n  v/        -uf  —  yit  ^   ""  pr; p/  > 

and  since  s''  moves  through  -^^  in  the  unit  of  time,  and  the  ad- 
vance of  the  line  of  conjunction  in  the  time  t'  is  equal  to  the  angle 
through  which  s"  moves  in  that  time,  we  shall  have 


In  like  manner,  if  t"  express  the  same  angle  for  the  line  of  con- 
junction of  the  satellites  s"  and  s'",  we  shdl  have 

♦"  =  360»Xp^-p, 

3233.  Application  to  the  three  inner  satellites,  — Now  in  the  case 
of  these  three  satellites  we  have  by  (2999.)     Table  V. 

p' :  p"  :  p"'  =  17691 :  35512  :  71546, 
from  which  it  appears  that 

=  0-9927  _E!L_  =  0-9855; 


and  consequently 

f>'  =  357^-37  t"  354^-78. 

It  appears,  therefore,  that  in  each  synodic  revolution  of  s'  and 
b"  their  line  of  conjunction  advances  through  357° -37,  and  is, 
therefore,  2°-23  behind  its  first  position ;  and  that  in  the  case  of 
s"  and  s'",  the  corresponding  line  advances  through  354°-78,  and 
is,  therefore,  5^-12  behind  its  first  position. 

3234.  Regression  of  the  lines  of  conjunction  of  the  three  tatdr 

III  52 
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Iites  equal  —  Bui  the  synodic  periods  T  and  if,  of  b',  s'',  and  s^, 

s'"  are  2577), 

1^  =  3-625  T"  =  7050; 

and  consequently  the  angles  of  regression  of  the  two  lines  c^  con- 
junction in  the  same  time  are  as 

2-23  X  7050  :  512  X  3050  : :  157 :  156, 

80  that  the  rate  of  regremon  of  the  two  lines  of  cohjvnction  is  the 
same. 

3235.  Line  of  conjunction  of  thefrst  and  second  in  opposition 
to  that  of  the  second  and  third.  —  It  follows  from  this  that  the  two 
lines  of  conjunction,  thus  regressing  at  the  same  rate,  must  always 
be  inclined  to  each  other  at  the  same  angle.  Now  it  is  found  by 
observation,  that  this  invariable  angle  is  ISO*',  so  that  the  line  of 
conjunction  of  the  first  and  second  satellites  is  always  in  immediate 
opposition  to  the  line  of  conjunction  of  the  second  and  third  satd- 
liiesy  as  seen  from  the  planet 

We  shall  now  see  the  remarkable  consequences  of  these  relationa 
in  their  effects  upon  the  mutual  perturbations  of  the  satellites. 

3236.  Effects  of  their  mutual  perturbations  upon  the  forms  of 
their  orbits.  —  The  undisturbed  orbits  of  the  first  and  second  satel- 
lites are  sensibly  circular,  the  eccentricity  of  the  orbit  of  the  third 
being  extremely  small  (2999),  Table  V.  Their  mutual  disturbing 
forces  render  the  orbits  elliptical.  The  major  axis  of  the  ellipses 
are  the  same  as  the  diameter  of  the  undisturbed  orbits,  which  are 
derived  from  the  periodic  times  by  the  harmonic  law.  The  forms 
of  the  orbits,  or,  what  is  the  same,  their  eccentricities,  are  inva- 
riable, but  their  lines  of  apsides  are  moveable. 

3237.  Motion  of  the  apsides  equal  to  thai  of  the  lines  of  conjunc- 
tion. —  The  motions  imparted  to  the  apsides  being  exclusively  the 
effects  of  the  disturbing  force,  and  that  force  being  most  effective 
where  the  satellites  are  in  conjunction,  and  varying  in  its  intensity 
and  direction  with  the  angular  distance  of  the  disturbed  from  the 
disturbing,  as  seen  from  the  central  body,  it  is  evident  that  the 
position  of  the  line  of  apsides  must  be  always  the  same  in  relation 
to  the  line  of  conjunction,  and,  consequently,  that  the  motion  of  the 
lines  of  apsides  must  be  the  same  as  that  of  the  lines  of  conjunction, 
both  as  to  rate  and  direction.  The  line  of  apsides  of  s'  and  s",  and 
that  of  8"  and  s"',  must,  therefore,  have  a  regressive  motion  exactly 
equal  to  that  of  the  lines  of  conjunction  ;  and  since  the  motions  of 
the  latter  are  equal,  the  motions  of  the  lines  df  apsides  of  the  three 
orbits  must  likewise  be  equal. 

3238.  The  lines  of  apsides  coincide  with  the  lines  of  conjunction. 
— In  the  exposition  of  the  general  theory  of  perturbations,  it  has 
been  demonstrated  that  when  the  disturbed  and  disturbing  bodies 
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are  in  conjanction,  the  eccentricity  of  the  disturbed  orbit  varies,  if 
the  line  of  apsides  be  inclined  to  that  of  conjunction,  and  is  only 
invariable  when  these  lines  coincide.  Now,  in  the  present  case,  the 
eccentricities  of  the  disturbed  orbits  are  subject  to  no  variation ;  and 
it  follows,  consequently,  that  the  lines  of  apsides  of  the  disturbed 
orbits  must  always  coincide  with  the  lines  of  conjunction. 

3239.  Positions  of  the  perijoves  and  apqfoves  of  the  three  orbits. 
—  But  this  being  admitted^  the  apsides  may  be  presented  in  either 
of  two  opposite  directions.  K  we  consider  b'  as  disturbed  by  s", 
either  the  perijove  or  apojove  of  b'  (as  the  apsides  of  the  satellites 
are  called,)  may  be  in  conjunction  with  s".  It  results,  however, 
from  what  has  been  proved,  that  if  the  perijove  be  in  conjunction, 
the  disturbing  force  of  s^'  will  render  the  apsides  of  b'  regressive, 
and  if  the  apojove  be  in  conjunction,  it  will  render  that  motion 
progressive.  But  since  the  motion  of  the  apsides  of  b'  is  regressive, 
the  perijove  must  be  in  conjunction. 

If  we  consider  s"  disturbed  by  s',  we  have  the  case  of  an  exterior 
disturbed  body,  the  latter  being  at  a  distance  from  the  centre  greater 
than  half  that  of  the  exterior  body.  In 
this  case,  the  motion  imparted  to  the  ap- 
sides of  s"  would  be  progressive,  if  b'"s 
perijove  were  in  conjunction,  and  regressive 
if  its  apojove  were  in  that  position.  But 
since  the  motion  of  the  apsides  is  actually 
regressive,  the  apojove  of  s"  must  be  in 
conjunction  with  s'. 

In  the  same  manner  it  may  be  shown, 
I  that  in  consequenc  of  the  disturbing  forces 
mutually  exerted  by  s"  and  s'",  the  former 
must  be  in  perijove  and  the  latter  in  apo- 
jove when  in  conjunction. 

By  combining  these  consequences  with 
the  relative  positions  of  the  lines  of  con- 
junction of  s'  s"  and  of  s"  b'"  already  in- 
dicated (3235),  it  will  be  apparent  that 
the  perijove  of  s'  and  the  apojove  of  b", 
when  b'  and  s"  are  in  conjunction,  are  in 
opposition  with  the  perijove  of  s"  and  the 
apojove  of  s"',  when  s"  and  s'"  are  in  con- 
junction, so  that  the  relative  position  of  the  three  orbits  in  this  case 
is  that  which  is  represented  in  fig.  855,  where  p'  is  the  perijove, 
and  a'  the  apojove  of  b',  p"  and  a"  those  of  s  ,  and  p"*  and  a!" 
those  of  b'". 

3240.  Value  of  the  eccentricity, — Since  the  motion  of  the  apsides 
and  the  eccentricity  are  exclusively  due  to  the  disturbing  force, 
which  in  this  case  is  given,  the  constant  value  of  the  eccentricity 
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will  80  depend  on  the  motion  of  the  apsides,  that  the  latter  being 
given,  the  former  may  be  determined.  Now,  the  regressive  motion 
of  the  apsides  being  exactly  equal  to  that  of  the  line  of  conjunctiun 
is  known,  and  therefore  the  value  of  the  eccentricity  can  be  deter- 
mined. 

The  eccentricity  which  thus  arises  exclusively  from  the  agencj 
of  the  disturbing  forces,  though  less  than  the  eccentricities  of  the 
undisturbed  orbits  of  the  planets  generally,  is  nevertheless  not  in- 
considerable, exceeding,  for  example,  that  of  the  orbit  of  Venus. 

8241.  Remarkable  precision  in  the  fulfilment  of  these  laws.  — 
These  remarkable  laws,  of  which  there  is  no  other  example  in  the 
solar  system,  are  fulfilled  with  such  precision,  that  in  the  thousands 
of  revolutions  of  the  satellites  which  have  taken  place  since  their 
discovery,  not  the  smallest  deviation  from  them  has  ever  been  ob- 
served, except  such  as  has  arisen  from  the  slight  ellipticity  of  the 
undisturbed  orbit  of  the  third  satellite.  The  greatest  and  most 
irregular  perturbations  of  the  planet  or  the  satellites,  provided  they 
come  on  gradually,  do  not  interrupt  the  play  of  these  laws,  nor 
change  the  relation  of  the  motions  resulting  from  them.  The  effect 
of  a  resisting  medium  will  not  affect  them,  though  each  of  these 
causes  would  alter  the  motions  of  all  the  satellites,  and  though 
similar  causes  would  wholly  destroy  the  conclusions  which  mathe- 
maticians have  drawn  as  to  the  stability  of  the  solar  system^  with 
regard  to  the  elements  of  the  orbits  of  the  planets.* 

3242.  Effects  of  the  eccentricity  of  the  undisturbed  orbit  of  the 
third  satellite.  — In  the  preceding  paragraphs,  the  orbit  of  the  third 
satellite  s'"  is  considered  as  having  no  other  eccentricity  except 
that  which  proceeds  from  the  effects  of  perturbation.  It  has,  how- 
ever, a  certain  small  original  eccentricity  independent  of  these 
effects,  the  consequence  of  which  is,  that  when  its  conjunction  with 
s"  takes  place  near  the  perijove  of  its  undisturbed  orbit,  the  effect 
of  its  disturbing  force  on  s'^s  orbit  is  somewhat  more  considerable 
than  in  other  synodic  positions.  The  consequence  of  this  is  to  pro- 
duce a  small  variation  both  in  the  eccentricity  of  s'"s  orbit,  and  in 
the  motion  of  its  apsides,  which  variation  will  depend  on  the  elon- 
gation of  the  line  of  conjunction  from  the  apsides  of  s'^^'s  undis- 
turbed orbit. 

The  variation  of  the  angular  motion  of  b'",  consequent  on  the 
small  ellipticity  of  its  orbit,  also  produces  a  corresponding  variation 
in  thu  rate  of  the  regression  of  the  line  of  conjunction. 

Similar  irregularities  are  incidental  to  the  orbit  of  b"',  proceeding 
from  the  same  causes.     The  disturbing  force  excited  by  s''  on  s'", 

*  See  Aiiy  on  Gravitation. 

^Thc  physical  explanation  of  these  laws  was  first  given  by  Laplace,  in 
1784. 
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being  that  of  an  interior  npon  an  exterior  body  (3180),  has  on  the 
■whole  the  eflfect  of  increasing  the  effective  attraction  of  the  central 
body ;  and  this  effect  is  chiefly  due  to  the  action  when  s"  and  s'" 
are  at  or  near  the  line  of  conjunction;  consequently,  where  that 
line  is  near  the  perijove  of  8""s  undisturbed  orbit,  the  disturbing 
force  of  s"  is  roost  effective,  and,  as  that  line  revolves,  the  angle 
nnder  it  and  that  of  the  apsides  of  6""s  undisturbed  orbit  continu- 
ally varying,  the  effect  of  s'^s  disturbing  force  alternately  increases 
and  decreases.  This  is  attended  with  an  irregularity  in  the  major 
axis,  and  consequently  in  the  mean  motion  of  s'"  which  depends  on 
its  synodic  position. 

The  disturbing  force  of  an  exterior  exerted  on  an  interior  body 
tends,  on  the  whole,  to  diminish  the  effective  attraction  of  the 
central  body  (3177).  It  follows,  therefore,  that  s'"  exerts  upon  s" 
a  disturbing  force  which  produces  an  irregularity  depending  on  the 
synodic  position  of  the  perijove  of  8""s  undisturbed  orbit. 

Each  of  the  small  inequalities  noticed  above,  depending  on  the 
eccentricity  of  s^'^s  undisturbed  orbit  reacting  on  the  other  satellites 
s'  and  s",  produce  corresponding  small  inequalities,  which  if  at- 
tempted to  be  introduced  in  the  general  theory  of  the  system  would 
render  it  extremely  complicated.  Their  almost  infinitely  small 
amounts^  however,  render  them  comparatively  unimportant. 

3243.  Ferturhations  of  the  fourth  satellite.  — The  theory  of  the 
perturbations  produced  and  sustained  by  the  fourth  satellite  s""  has 
nothing  in  common  with  that  of  the  three  others^  inasmuch  as  no 
such  remarkable  commensurability  prevails  between  its  mean  motion 
and  those  of  the  others.  As  it  sustains  small  inequalities  from  the 
action  of  the  sun  similar  to  the  lunar  disturbances^  so  it  also  pro- 
duces and  sustains  a  system  of  inequalities  analogous  to  those  of  the 
planets.  Thus  this  satellite  s""  presents  at  once  an  example  on  a 
small  scale  of  the  application  of  the  principles  of  both  the  lunar 
and  the  planetary  theories. 

To  explain  the  theory  of  the  fourth  satellite,  we  shall  first  suppose 
that  the  undisturbed  orbit  of  s'"  is  circular,  while  that  of  s""  has  a 
sensible  eccentricity.  We  shall  assume  (what  will  be  more  fully 
explained  hereafter)  that  a  slow  progressive  motion  is  imparted  to  its 
apsides  by  the  spheroidal  shape  of  Jupiter,  this  motion  being  such 
that  the  apsides  make  a  complete  revolution  in  about  11^000  revo- 
lutions of  s"". 

Owing  to  the  periods  not  being  nearly  commensurable,  like  those 
of  the  inner  satellite,  the  line  of  conjunction  of  s'"  and  s""  will,  after 
a  few  hundred  revolutions  of  the  satellites,  have  assumed  every 
possible  direction.  Now,  since  the  mutual  disturbing  action  of  the 
two  satellites  is  greatest  when  the  perijove  of  s""  is  at  or  near  con- 
junction^ the  question  is  what  will  be  the  form  of  orbit  that  will  be 
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impressed  on  s'"  bj  the  disturbing  force^  subject  to  the  eoDditioo 
of  its  eccentricitj  being  invariable. 

Now  it  is  evident,  from  all  that  has  been  explained,  tbat  if  the 
perijove  of  s'"  be  in  conjunction,  the  disturbing  force  of  s"''  will 
cause  its  apsides  to  regress,  and  the  rate  of  this  regression  will  be 
greater  as  the  eccentricitj  is  smaller  (3151).  It  may  therefore  be 
such  as  to  neutralize  the  progressive  motion  which  is  imparted  to 
8""s  apsides  bj  the  spheroidal  shape  of  the  central  planet,  and  there- 
fore, such  as  to  render  the  actual  progressive  motion  of  s'^'^s  apsides 
equal  to  that  s'""s.  But  the  motion  of  s^'^s  apsides  will  be  also 
affected,  though  in  a  very  slight  degree,  by  the  action  of  ^'  in  the 
same  position,  and  will  receive  from  that  action  a  small  increase  of 
its  progressive  motion. 

When  the  increased  progressive  motion  of  the  line  of  apsides  of 
s""  is  equal  to  the  diminished  progressive  motion  of  the  line  of 
apsides  of  8'",  this  state  of  the  system  will  be  permanent,  and  thus 
the  progressive  motion  of  the  apsides  of  8""  will  be  somewhat 
increased,  and  the  orbit  of  s'"  will  have  a  compression  correspond- 
ing in  direction  to  the  perijove,  and  an  elongation  in  the  same  direc- 
tion as  the  apojove  of  s"". 

In  this  reasoning  we  have  assumed  that  the  undisturbed  orbit  of 
the  third  satellite  is  circular,  but  similar  effects  will  ensue  if  it  have 
a  small  eccentricity. 

Let  us  next  suppose  that  the  undisturbed  orbit  of  s"''  is  circular,  while 
that  of  s'"  has  a  small  eccentricity.  The  disturbing  force  will  be  the 
greatest  at  the  apojove  of  s"',  and  this  will  cause  the  line  of  apsides  of 
S"'  to  progress;  that  is  to  say,  it  will  increase  the  progressive  motion 
already  given  to  it  by  the  spheroidal  shape  of  the  central  planet 
If  then  it  be  required  to  determine  the  form  of  the  orbit  of  s"'' 
which  will  have  at  every  revolution  the  same  eccentricity,  and  also 
have  its  line  of  apsides  always  corresponding  with  that  of  s"',  and 
therefore  progressing  more  rapidly  than  the  spheroidal  shape  of 
Jupiter  alone  would  make  it  do,  it  is  necessary  to  suppose  that  the 
perijove  of  s""  is  turned  towards  the  apojove  of  s'",  and  by  sup- 
posing the  eccentricity  small  enough,  the  disturbing  force  will  im- 
part to  it  progressive  motion  as  rapid  as  may  be  desired.  Thus  the 
effect  of  the  eccentricity  of  the  orbit  of  b"'  is,  that  its  line  of  apsides 
will  progress  rather  more  rapidly,  and  tbat  the  orbit  of  s""  will  be 
compressed  on  the  side  nearest  the  apojove  of  s'",  and  elongated  on 
the  opposite  side. 

We  have  here  assumed  that  the  undisturbed  orbit  of  f^"'  is  cir^ 
cular,  but  a  similar  distortion  will  be  produced  even  if  it  bave  a 
small  eccentricity. 

In  effect  the  undisturbed  orbits  of  both  satellites  are  ellipses  of 
amall  eccentricity^  and  the  precediug  conclusions  expressed  with 
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reference  to  nndistarbed  circalar  orbits  will  be  equally  applicable  to 
them. 

Besides  tbe  eccentricity  of  the  undisturbed  orbit  of  s"",  it  has 
also  an  eccentricity  impressed  upon  it  by  tbe  disturbing  force^  oppo- 
site in  kind  to  that  of  8""s  orbit;  and  besides  the  eccentricity  of 
the  undisturbed  orbit  of  s"',  it  has  impressed  upon  it  an  eccentricity 
of  the  same  kind  as  that  of  s"". 

In  the  same  manner,  the  orbits  of  s'  and  s"  have  small  eccen- 
tricities impressed  upon  them,  similar  in  their  kind  to  those  of  s'" 
and  s"". 

8244.  Complicated  perturbations  of  this  ttystem, — The  inequali- 
ties which  have  been  here  briefly  noticed  as  produced  in  the  Jovian 
system,  by  the  mutual  perturbations  of  the  satellites,  and  which  are 
only  the  principal  inequalities  of  this  system,  are  so  closely  connec- 
ted, and  so  completely  entangled,  that  though  they  admit  of  being, 
for  popular  purposes,  explained  under  the  point  of  view  here  pre- 
sented, it  would  not  be  possible  to  reduce  them  in  this  way  to  com- 
putation ;  a  mathematical  process  of  the  most  abstruse  kind,  which 
would,  at  tbe  same  time,  include  the  motions  of  all  the  four  satel- 
lites, would  alone  be  sufficient  for  this  purpose. 

Enough,  however,  has  been  done  if,  in  what  has  been  said  above, 
a  generd  idea  may  be  obtained  of  the  theory  of  these  disturbances 
in  the  most  curious  and  complicated  system  that  has  ever  been 
reduced  to  calculation.'*' 
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CHAP.  XXIII. 

THEORY  OF  PLANETARY  PERTURBATIONS. 

3245.  The  theory  simplijied  by  those  of  the  moon  and  the  Jovian 
system,  —  The  investigation  and  solution  of  the  more  general  and 
complicated  cases  of  perturbation  presented  by  the  mutual  action  of 
the  planets,  will  be  greatly  simplified  and  facilitated  by  the  previous 
exposition  of  the  theories  of  the  moon  and  the  Jovian  system.  The 
inequalities  developed  in  each  of  these,  are  reproduced  in  very 
slightly  modified  forms,  in  the  case  of  the  planets.  Thus  the  ter- 
restrial disturbed  by  the  major  planets,  present  a  class  of  perturba- 
tions similar  to  those  of  the  moon  disturbed  by  the  sun.  In  both 
cases  the  disturbing  is  exterior  to  the  disturbed  body ;  in  both,  the 
mass  of  the  disturbing  is  incomparably  greater  than  that  of  the 

*  We  are  indebted  for  the  substance  of  some  parts  of  this  chapter  to  the 
short  but  excellent  tract  on  Gravitation  by  Professor  Airy,  to  which  we 
refer  readers  who  may  desire  further  details. 
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disturbed }  in  both,  the  distance  of  tbe  disturbing  from  the  central 
bodj,  bears  a  large  ratio  to  that  of  the  disturbed  body ;  and  if  in 
the  lunar  theory  the  mass  of  the  disturbing  body  be  much  larger 
than  in  the  case  of  the  planets^  its  distances  from  the  disturbed  and 
central  bodies,  bearing  also  a  much  larger  ratio  to  the  distance  of 
these  bodies  from  each  other,  the  intensity  of  its  disturbing  force  is 
sabdued  and  brought  into  closer  analogy  with  the  cases  referred  to. 
The  inequalities  incidental  to  the  three  inner  satellites  of  Jupiter, 
depending  on  the  near  oommensurability  of  their  periods,  have  also 
counterparts  among  the  perturbations  of  the  planets,  some  of  the 
most  remarkable  of  the  planetary  inequalities  arising  from  the  cir- 
cumstance of  the  periods  being  very  nearly  in  the  ratio  of  whole 
numbers,  as  will  presently  appear. 

In  fine,  other  inequalities  produced  by  the  gravitation  of  planet 
on  planet,  are  analogous  to  those  found  to  prevail  between  the  outer 
aatellites  of  Jupiter. 

3246.  Perturbations  of  the  terrestrial  by  the  major  planets. — ^If 
we  suppose  any  one  of  the  terrestrial  to  be  disturbed  by  any  one  of 
the  major  planets,  it  will  be  easy  to  show  that  the  points  at  which 
the  disturbed  planet  and  the  sun  are  equidistant  from  the  disturbing 
planet,  and  at  which,  therefore,  the  tangential  component  of  the 
disturbing  force  vanishes,  are  in  all  cases  very  near  the  points  of 
quadrature. 

Let  Sjjig.  856;  be  the  place  of  the 
sun,  M  the  disturbing  planet^  qq'  the 
places  of  the  disturbed  planet  at  quad- 
rature, and  PjP's  its  places  when  at 
distances  from  M  equal  to  SM.     Let 
^  the  arc  QPg,  or  the  angle  Qsp,,  be  ez- 
J  ^  pressed  by  o,  sPj  by  r  and  SM  by  /, 
fP,'  and  draw  Mm  perpendicular  to  SP,. 
It  is  evident,  then,  that  the  angle  SMm 
=  a,  and  consequently 

8m        r 
sm.  o  =  —  =  Z--Z. 
SM       2i^ 

Now,  if  the  values  of  r  and  /  in  each 
of  the  cases  of  the  terrestrial  and 
major  planets  be  substituted,  we  shall 
find  that  tbe  extreme  values  of  a 
will  be,  for  Mars  disturbed  by  Jupiter, 
o  =  7°  21',  and  for  Mercury  disturbed 
by  Neptune,  a  =  0°  44',  and  for  all 

other  cases  it  will  have  intermediate  values. 

It  follows,  therefore,  that  in  the  cases  here  referred  to,  the  points 

Pa  p'j  are  never  so  much  as  8*^  removed  from  the  points  of  quadrature. 
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By  the  application  of  the  same  process  of  investigation  as  that 
already  adopted  in  the  case  of  the  lunar  theory^  it  will  be  found 
that  the  points  P|,  P3,  p'3  and  p'„  will  have  positions  very  nearly  the 
same  as  those  assigned  to  them  in  the  case  of  the  moon. 

It  follows,  therefore,  that  the  several  vanishing  points  of  the 
components  of  the  disturbing  force,  on  the  position  of  which  the 
successive  phases  of  the  perturbations  so  mainly  depend,  are  dis< 
tribttted  around  the  synodic  orbit  of  the  terrestrial  planets  as  dis- 
turbed by  the  major  planets  in  a  manner  similar  in  all  respects,  to 
the  corresponding  points  in  the  lunar  theory  and  periodical  inequali- 
ties, are  accordingly  developed  in  a  like  order  and  of  a  like  character, 
differing  only  in  their  limiting  magnitudes  and  the  lengths  of  their 
periods. 

Thus  the  disturbed  orbit  is  less  curved  at  0  and  0,  and  more  so 
at  PxQ  and  p'sQ',  than  elsewhere,  so  as  to  acquire  an  oval  form, 
placed  with  relation  to  the  line  c  0  similarly  to  that  of  the  moon, 
(3196).  Its  curvature  at  0  is  more  flattened  than  at  o,  (3198). 
Inequalities  affecting  the  place  of  the  planet  in  approaching  to  and 
departing  from  sjzygies,  result  from  this,  similar  to  the  moon's  vari- 
ation, parallactic  inequality,  and  annual  equation. 

The  line  of  apsides  is  affected  with  a  motion  alternately  progres- 
sive and  regressive,  but  on  the  whole  progressive  (3215).  The 
disturbed  orbit  is  rendered  a  little  more  eccentric,  when  this  line  is 
in  quadrature  than  when  it  is  in  syzygies.  The  effect  of  the  dis- 
turbing force  on  the  whole  is,  as  in  the  case  of  the  moon,  to  diminish 
the  effective  central  attraction,  and  therefore  to  enlarge  in  a  slight 
degree  the  orbit;  and  this  effect  is,  of  course,  somewhat  greater 
when  the  disturbing  planet  is  near  perihelion,  while  the  disturbed 
planet  is  near  aphelion. 

It  must,  nevertheless,  be  observed,  that  these  and  other  like  peri- 
odical inequalities  arising  from  similar  causes,  are  not  only  smaller 
incomparably  in  magnitude,  taken  within  their  extreme  limits,  and 
slower  in  their  rate  of  development,  than  in  the  case  of  the  lunar 
perturbations,  but  that  their  absolute  limits  are  so  extremely  narrow, 
that  it  is  only  those  which  are  due  to  the  predominant  mass  and 
greater  proximity  of  Jupiter,  which  are  productive  of  effects  great 
enough  to  be  appreciable  by  common  observations. 

3247.  Cases  in  tchich  the  disturbing  w  in  closer  proximity  with 
the  disturbed  planet,  —  In  such  cases  the  same  close  analogy  to  the 
lunar  inequalities  does  not  prevail.  Nevertheless,  even  when  the 
disturbing  planet,  being  exterior  to  the  disturbed,  lies  in  compara- 
tively close  proximity  with  it,  several  of  the  inequalities  manifested 
in  the  lunar  motions,  may  still  be  recognised  in  a  modified  form. 
The  vanishing  points  of  the  components  are  somewhat  differently 
distributed  in  relation  to  the  lines  of  syzjgy  and  quadrature.  The 
points  Vf,  V^2  of  equidistance  from  the  disturbing  body  recede  from 
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qnadrature  and  approach  the  point  o  of  conjanctlon,  and  the  van- 
ibhiDg  points  of  the  radial  components  F|  l/i  approach  cod  junction 
c,  while  p,  p'3  approach  opposition  o.  The  disturbing  force,  however, 
still  has  a  tendency  to  diminish  the  curTature  of  the  orbit  near  c 
and  0,  and  to  increase  it  near  P2  and  p'g.  The  general  effect  is,  as 
before,  to  diminish  the  effective  central  attraction,  and  consequently 
to  enlarge  the  orbit  of  the  disturbed  planet 

3248.  Case  in  which  the  disturbing  is  within  the  orbit  of  the 
disturbed  planet. — In  these  cases  the  general  effect  of  the  disturbing 
force  may  be  traced  without  difficulty,  by  the  method  explained  in 
(3180).  In  these  cases  the  general  effect  of  the  disturbing  force  is 
to  augment  the  effective  central  attraction,  and  consequently  to 
diminish  the  magnitude  of  the  orbit  of  the  disturbed  planet 

3249.  Perturbation  affected  by  the  position  of  the  apsides  and 
nodes  in  relation  to  the  line  of  conjunction,  —  In  the  general  inves- 
tigation of  the  planetary  perturbations  it  is  necessary  to  observe, 
that  the  effect  produced  by  the  disturbing  force  in  each  synodic 
revolution  will  necessarily  depend  on  the  position  of  the  line  of 
syzygies  in  relation  to  the  lines  of  nodes  and  apsides,  and  will  vary 
with  that  position. 

If  the  orbits  of  the  disturbing  and  disturbed  planets  were  both 
drcles,  and  in  a  common  plane,  the  effect  produced  by  the  disturbing 
force  in  each  sjrnodio  revolution,  and  in  each  synodic  position  of  the 
planets,  would  be  absolutely  the  same,  whatever  be  the  direction  of 
the  line  of  syzygies ;  for  in  that  case  the  distances  of  M  and  p  from 
3;  fys,  857,  858,  being  always  the  same,  the  distance  M  p  between 


the  disturbing  and  disturbed  bodies,  which  corresponds  to  any 
aneular  distance  M  sp  of  one  from  the  other  as  seen  from  the  oentnd 
body,  would  be  always  the  samo;  and  the  angles  at  which  M  p  is 
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inclined  to  the  lines  m  s  and  P  s  would  be  always  the  same.  All 
the  conditions,  therefore,  which  can  affect  the  intensity  and  direction 
of  the  disturbing  force,  would  be  absolutely  identical ;  and  it  follows 
consequently  that,  no  matter  what  may  be  the  directions  of  the 
lines  of  syzygy  and  quadrature,  the  disturbing  force  during  each 
synodic  revolution  would  pass  through  precisely  the  same  changes 
of  intensity  and  direction,  and  consequently  produce  precisely  the 
same  effects  upon  the  orbit  of  the  disturbed  planet. 

If,  however,  the  orbits,  being  still  in  a  common  plane,  be  either 
or  both  of  them  ellipses,  the  same  identity  of  effects  of  the  dis* 
turbing  force  during  a  synodic  revolution  will  no  longer  prevail. 

Let  it  first  be  supposed  that  the  orbit  of  the  disturbing  planet  M, 
figs.  859,  860,  is  circular;  and  that  of  the  disturbed,  elliptical. 
Let*|7  be  the  point  of  perihelion,  and  a  that  of  aphelion,  ;/  and  a' 
being  the  places  of  M  corresponding  to  these  points  \  and  let  m,  n 
be  the  points  at  right  angles  tojp;  m!  and  n'  being  the  corresponding 
positions  of  M. 


Fig.  860 


Upon  comparing  the  varying  distance  of  M,  whether  it  be  outside 
the  orbit  of  P,  as  represented  xnfig,  859,  or  within  it,  as  represented 
\xifig.  860,  it  will  be  evident  that  the  effects  of  the  disturbing  force, 
during  a  synodic  revolution,  will  be  subject  to  a  variation  with  the 
varying  angle  formed  by  the  radius  vector  M  8  of  the  disturbing 
planet  with  the  direction  p  8  of  the  perihelion  of  the  disturbed 
planet.  Thus,  when  M,  being  outside  p's  orbit,  is  at  a',  it  is 
evident  that  its  distance  from  p,  in  any  proposed  synodic  position, 
will  be  much  less  than  its  distance  from  P  in  the  same  synodic 
position  when  M  is  at  p' ;  and  consequently  the  effect  of  the  dis- 
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turbiDg  force  during  a  synodic  revolution  when  M  is  at  a',  is  mncli 
greater  than  when  M  ia  at  j/;  and  the  same  may  be  said  of  any  two 
opposite  positions,  such  as  M  and  m',  or  m"  and  m"',  which  tlie  dis- 
turbing planet  can  assume. 

It  is  obvious,  the  like  observations  are  applicable  to  tlie  case 
represented  iufiy.  860,  in  which  M  is  within  the  orbit  of  p. 

But  not  only  are  the  effects  of  the  disturbing  force  di^ieot  in 
their  magnitude  according  as  the  radius  vector  of  M  takes  different 
positions  with  relation  to  the  lino  p  s,  but  they  are  also  diffezent  in 
their  direction.  The  position  of  the  vanishing  points  of  the  com- 
ponents of  the  disturbing  force,  and  the  distribution  of  the  arcs 
through  which  they  are  alternately  positive  and  negative  round  the 
orbit  of  the  disturbed  body,  depend  solely  on  the  direction  o^  the 
lines  of  syzygy  and  quadrature ;  but  the  effects  which  these  com- 
ponents produce  upon  the  different  elements  of  the  elliptic  orbit  of 
p,  depend  upon  the  position  of  these  several  arcs  with  relation  to 
the  lino  of  apsides.  In  some  positions  the  effect  of  the  disturbing 
force'  in  a  complete  synodic  revolution,  will  be  to  augment,  in  others 
to  diminish,  one  or  other  element;  and  in  positions  in  which  the 
same  elements  are  augmented  or  diminished,  they  will  be  augmented 
or  diminished  in  different  degrees,  according  to  the  angle  which  the 
line  of  conjunction  (that  is,  the  line  passing  through  p  and  M  when 
seen  in  the  same  direction  from  s)  forms  with  the  line  p  s,  con- 
necting s  with  the  perihelion  of  the  disturbed  orbit. 

To  simplify  this  explanation,  we  have  here  supposed  that  the  orbit 
of  the  disturbing  body  is  oircular,  while  that  of  the  disturbed  is 
elliptical ;  but  it  will  be  apparent,  that  like  observations,  mutatU 
mutandis,  will  be  applicable  if,  reversing  this  supposition,  we 
suppose  the  orbit  of  P  to  be  circular,  and  that  of  M  elliptical. 

In  fine,  if  both  orbits  be  supposed  to  be  elliptical,  a  further  cause 
of  variation  will  affect  the  disturbing  force;  for  in  that  case,  the 
distance  between  M  and  p,  and  the  relative  directions  of  the  lines 
MP,  MS,  and  P s  will  vary,  as  well  on  account  of  the  elliptidty  of 
m's  orbit  as  that  of  p.  The  effects  of  this  force  on  each  of  the 
elements  will  be  subject  to  constant  variation,  depending  on  the 
angles  which  the  line  of  conjunction  forms  with  the  lines  drawn  from 
8  to  the  points  of  perihelion  of  the  two  orbits. 

This  will  be  very  obvious  by  comparing  the  various  positions 
which  the  line  of  conjunctions  s  p'  P  of  two  such  planets,  mutually 
disturbing,  may  assume,  with  relation  to  the  lines  of  apsides  a  6j> 
and  a'  sp',  as  represented  in^^.  861. 

The  orbits  in  the  preceding  illustration  have  been  supposed  to 
be  in  a  common  plane.  If  they  be  not  so,  but  are  inclined  at  any 
angle  to  each  other,  another  cause  of  variation  in  the  effects  of  the 
components  of  the  disturbing  force,  during  the  synodic  revolution, 
is  introduced ;  and  the  entire  effect  of  such  force  upon  the  elements, 
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Fig.  861. 


daring  each  snch  reyolation, 

will  vary  with  the  angle  at 

]  which  the  line  of  conjunctioii 

is  inclined    to    the    line  of 

]  nodes. 

It  will;  therefore,  be  appa- 
j  rent  that,  in  each  position 
I  which  the  line  of  conjunction 
may  assume  with  relation  as 
well  to  the  line  of  apsides  as 
I  to  the  line  of  nodes,  the  dis- 
turbing force  will,  in  each 
synodic  revolution,  produce  a 
certain  change,  either  by  pro- 
gression or  regression,  by  in- 
crease or  diminution  in  the  ele- 
ments severally  of  the  disturbed  orbit,  the  magnitude  of  which  will 
depend  on  such  position,  so  as  to  be  always  the  same  for  the  same  posi- 
tion, but  generally  different  for  different  positions;  and  when  such 
ppsitious  are. in  extreme  opposition,  the  effects  of  the  elementB  seve- 
rally are  often  also  contrary  in  their  character,  so  as  mutually  to 
destroy  or  compensate  each  other  either  wholly  or  partially,  the  pro- 
gression or  increase  resulting  from  the  effect  of  the  disturbing  force 
in  one  position  being  compensated,  wholly  or  partiaUy,  by  an  equal 
or  nearly  equal  regression  or  decrease  in  the  opposite  position  of  the 
line  of  conjunction. 

It  foUows  from  this  that,  if  the  motions  of  two  planets  were  so 
related  that  the  line  of  conjunction  should  always  have  the  same 
position  with  relation  to  the  lines  of  apsides  and  nodes,  the  effect  of 
the  disturbing  force  on  each  of  the  elements,  in  each  synodic  revo- 
lution, would  be  always  the  same ;  and  the  consequence  would  be 
that,  after  the  lapse  of  a  considerable  number  of  such  revolutions, 
the  changes  produced  in  each  revolution  accumulating,  an  alteration 
in  the  form  and  position  of  the  disturbed  orbit  would  be  produced 
so  great  as  completely  to  disturb  the  physical  conditions  of  the  planet 
and  derange  the  harmony  and  order  of  the  system. 

But  even  though  the  place  of  the  line  of  conjunction  should  not 
be  rigorously  the  same  after  each  successive  synodic  revolution,  if 
nevertheless  it  be  subject  only  to  a  small  change  of  position,  it  is 
evident  that  the  change  in  the  character  and  magnitude  of  the  effects 
of  the  disturbing  force  on  the  elements  will  be  proportionally  small ; 
and  that,  therefore,  such  effects  will  continue  to  accumulate  and  to 
augment  the  variation  of  each  of  the  elements  of  the  disturbed 
orbit  in  the  same  direction,  until  by  the  long  continuance  of  the  slow 
change  of  position  of  the  line  of  conjunction,  thAt  line  at  length 
shifts  its  direction  so  as  to  take  up  a  position  in  which  a  contrary 
ni.  58 


626  ABTRONOMT. 

effect  will  be  produced  upon  the  elements.  The  Yariation  of  these 
latter  will  then  change ;  what  was  previously  increase  will  become 
decrease,  and  vice  versd ;  and  this  will  continue  until  the  line  of 
conjunction,  still  slowly  shifting  its  position,  again  resames  the 
direction  favourable  to  the  former  change  of  the  elements. 

In  this  manner  inequalities  may  be  produced^  of  which  the  period 
may  be  of  great  lengthy  but  which,  nevertheless,  depending  essen- 
tially on  the  direction  of  the  line  of  conjunction,  and  therefore  on 
the  configuration  of  the  disturbing  and  disturbed  planets,  are  still 
periodic,  and  not  secular  variations.  Since,  however,  the  motions 
f)f  the  line  of  conjunction  on  which  they  depend,  are,  in  sU  the 
cases  of  this  class  presented  in  the  solar  system,  extremely  slow, 
and  consequently  the  periods  of  these  inequalities  are  incomparably 
more  protracted  than  those  which  arise  from  the  varying  synodic 
positions  of  the  disturbed  and  disturbing  planets,  they  have  been 
denominated  by  astronomers  as  the  ''  long  inequalities;*^  und  the 
discovery  of  some  of  them  by  theory,  before  their  detection  by  ob- 
servation, has  constituted  one  among  the  many  triomphs  of  physico- 
mathematical  science. 

8250.  Method  of  determining  the  change  of  direction  of  the  line 
of  conjunction.  —  From  all  that  has  been  just  explained  it  will  be 
apparent^  how  much  importance  must  attach  to  th^  problem  to 
determine  the  change  of  position  of  the  line  of  conjunction  of  any 
two  planets  after  each  synodic  revolution. 

Let  p  be  the  periodic  time  of  the  interior,  and  P^  that  of  tbe 
exterior;  and  let  t  express  the  synodic  period  or  the  interval 
between  two  suooessive  conjanctions.  It  appears  from  what  has 
been  expluned  in  (2577),  that 


and  oonsequently, 


1  =  1-1. 

T   ""   P  P^' 


P  XT' 

T  = 


V-p 


In  the  time  t,  the  interior  planet  describes  360^,  besides  over- 
taking the  exterior  planet,  and  therefore  describes,  in  addition  to 
860*^,  the  angle  which  the  exterior  planet  describes  in  the  time  t; 
and  since,  at  the  beginning  of  the  time  T,  the  two  planets  are  in  con- 
junction, and  again  in  conjunction  at  the  end  of  that  time,  the  angle 
formed  by  the  direction  of  the  line  of  conjunction  at  the  end  of  tbe 
time  T,  with  its  direction  at  the  beginning  of  the  time  t,  measured 
in  the  direction  of  the  planet's  motion,  will  be  the  angle  which  the 
exterior  planet  describes  in  the  time  T.  Let  this  angle  be  f.  Since 
the  angle  which  the  exterior  planet  describes  in  the  unit  of  time 
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18  --J-  (2568),  the  angle  t;  which  it  describes  in  the  time  T,  will  b^ 
^  =  ^  X  T  =  360<>X 


^ ^  i/  — P 

This  is,  then,  the  angle,  measured  in  the  direction  of  the  planet's 
motion,  through  which  the  line  of  conjunction  adyances  in  each 
synodic  revolution. 

3251.  Condition  under  tohich  the  direction  of  the  line  of  oon^ 
junction  is  invariahle,  —  If  the  line  of  conjunction  has  always  the 
same  direction,  it  is  evident  that  in  a  synodic  revolution  both  planets 
most  have  made  a  complete  number  of  revolutions,  and  conse- 
quently the  angle  t  must  either  be  360°  or  some  exact  "multiple  of 
360°.  If  ♦  s=  360°  we  shall  have  p  =  i/— p  (2548),  and,  there- 
fore,  p^  =  2  P.  In  that  case,  while  the  exterior  planet  makes  a 
single  revolution,  the  interior  makes  two ;  so  that,  after  each  revo- 
lution of  the  exterior  planet,  the  two  planets  come  into  conjunction 
always  at  the  same  point.  In  this  case  it  is  evident  also,  that  the 
synodic  time  is  equal  to  the  periodic  time  of  the  exterior  planet. 

If  ♦«2  X  360°,  we  shall  have  p  =  2p'— 2p,  and,  therefore, 
8  P  =  2  p^.  In  that  case,  while  the  exterior  planet  makes  two 
complete  revolutions,  the  interior  makes  exactly  three,  and  the 
sync^ic  period  is  equal  to  twice  the  periodic  time  of  the  exterior 
planet 

If  t  =  3  X  860°,  we  shall  have  p=3p'  — 3p,  and,  therefore, 
4  P  =  3  p^.  In  that  case,  therefore,  the  conjunctions  are  reprodno^ 
at  the  same  point,  after  every  three  complete  revolutions  of  the 
exterior  planet. 

In  general,  if  t  =  »  X  860°,  P  =  »  X  p'  —  n  X  P,  'and,  there- 
fore, (n  +  1)  X  P  =  n  X  P^,  and  the  conjunctions  are  reproduced 
constantly  at  the  same  point,  after  n  revolutions  of  the  exterior,  and 
n  +  1  revolutions  of  the  interior  planet. 

The  general  condition  on  which  the  line  of  conjunctions  shall 
have  one  invariable  position,  therefore,  is  that  the  periodic  times  of 
the  two  pUnets  shall  be  such  as  can  be  exactly  expressed  by  two 
whole  numbers,  of  which  the  greater  exceeds  the  less  by  1,  such  as  1 
and  2,  2  and  3,  3  and  4,  &o. 

3252.  To  determine  the  condition  under  which  the  line  of  con* 
Junction  shall  have  a  limited  number  of  invariable  positions.  — 
Although  the  conjunctions  may  not  be  always  reproduced  at  the 
same  point,  they  may  take  place  invariably  at  two,  three,  or  more 
fixed  points. 

If  f  r=  1 80°,  they  will  take  place  invariably  at  two  points  which 
are  diametrically  opposed  to  each  other.  In  that  case,  wc  shall  have 
2  P  =  P'  —  P  (3250),  and,  therefore,  p'  =  3  p  and  T  =  J  p'.  To 
comprehend  the  motions  of  the  planets  in  this  case,  let  s  and  I 
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Fig.  862. 


(^Jig,  862)  be  their  positions  at  any 
proposed  coDJuDction.  The  angular 
motion  of  l  being  three  times  that 
of  E,  while  the  latter  moves  ^m  i 
to  e'  through  a  semicircumfereDce, 
I  moves  through  three  semicircum- 
ferences,  and,  therefore,  through  the 
whole  circumference  1 1'  i,  and  after 
that  through  the  semicircumfcrence 
ll',  overtaking  the  exterior  planet 
at  l',  where,  therefore,  the  next  con- 
junction takes  place.  In  like  man- 
ner, the  succeeding  conjunction  will 
take  place  at  s  i  E,  and  the  next  at 
si'e',  and  so  on^  no  conjunction 
being  possible  except  in  these  two  lines. 

If  ^  =  120°,  or  a  third  part  of  the  circumference,  (he  conjunc- 
tions will  be  reproduced  continually  in  three  fixed  directions, 
dividing  the  circumference  into  three  equal  parts.  In  this  case, 
3p  =  p'  —  p,  and,  therefore,  p' =  4  p, 
and  T  =  }  p'.  To  explain  the  motion 
in  this  case,  let  8 1 E  (/^.  863,)  be  the 
position  of  the  planets  at  any  proposed 
conjunction.  Let  E  move  forward 
through  120**  to  e'.     The  angular  mo- 

t(  {(  ^y^^  1     1  '*^^  ^^  ^  being  four  times  more  rapid 

\  ^\-m  ^^  ^^  ti  I  than  that  of  E,  it  will  move  in  the  same 
time  through  4  X  120*=  360** -f  120**; 
that  is,  it  will  make  a  complete  revolu- 
tion and  120®  more.  It  will,  therefore, 
overtake  the  exterior  planet  at  8  i'  e', 
120°  in  advance  of  the  last  conjunction. 
In  the  same  manner,  it  may  be  shown 
that  the  next  conjunction  will  take  place  in  the  line  8i"e",  120° 
in  advance  of  si'e'.  The  following  conjunction  will,  in  the  same 
way,  take  place  in  the  line  s  i  E,  120°  in  advance  of  s  i"  e".  Thus 
each  series  of  three  conjunctions  will  take  place  in  the  lines  s  i  E, 
8 1'  e',  and  8 1"  e",  forming  with  each  other  angles  of  120° ;  and  no 
conjunctions  can^  under  the  proposed  condition^  take  place  in  any 
other  line. 

If  ^-=90°,  it  may  be  shown  by  precisely  the  same  reasoning 
that  p^=5p  and  T  =  ip',  and  that  the  conjunctions  will  inva- 
riably take  place  in  four  fixed  directions;  at  right*  angles  to  each 
other. 

Ll  general;  in  order  that  the  conjunctions  shall  be  reprodaced 


Fig.  863. 
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in  any  proposed  number  n  of  fixed  directions^  it  will  be  necessary 
that  the  period  p'  shall  be  exactly  n  +  1  times  the  period  p.  In 
that  case  the  synodic  time  T  will  be  n  times  p';  and  the  fixed  direc- 
tions in  which  the  conjunctions  will  succeed  each  other,  will  divide 
the  circumference  into  equal  arcs  or  angles,  the  magnitude  of  which 

will  be . 

n 

3253.  Effects  of  the  diUurhina  force  in  caae^  of  commensurable 
periods.  —  It  follows  from  what  has  been  explained  (3249),  that  in 
such  cases  the  c£feots  of  the  disturbing  force  would  accumulate 
indefinitely,  without  compensation  or  with  imperfect  compensation, 
through  an  indefinite  succession  of  synodic  revolutions.  If,  for 
example,  P^=  2  P,  and  therefore  the  conjunctions  would  always  take 
place  in  the  same  line,  the  line  of  conjunctions  being  always  inclined 
to  the  line  of  apsides  at  the  same  angle,  the  effect  of  the  disturbing 
force  on  the  several  elements,  in  a  synodic  revolution  would  be  always 
exactly  the  same,  and  would,  therefore,  accumulate  indefinitely  from 
revolution  to  revolution. 

If  p'=  3  p,  the  lines  of  conjunction  would  have  three,  and  only 
three,  different  positions  in  relation  to  the  line  of  apsides;  and 
although  the  effects  of  the  disturbing  force  in  a  synodic  revolution 
in  these  three  positions  Would  be  different,  and  some  of  them  would 
neoeasarily  have  contrary  signs,  and  would  produce,  therefore, 
more  or  less  compensation,  such  compensation  would  be  imperfect ; 
and  after  each  series  of  three  conjunctions,  a  residual  inequality 
would  remain,  affecting  each  of  the  elements  which,  as  before,  would 
accumulate  indefinitely  during  an  indefinite  succession  of  synodio 
revolutions. 

In  the  same  manner,  if  p^  were  any  other  exact  multiple  of  P, 
the  series  of  conjunctions  which  would  take  place  in  the  directions 
of  the  fixed  lines  dividing  the  circumference  into  equal  parts 
would  still  be  imperfectly  compensator v,  and  residual  quantities 
would,  as  before,  remain  uneffiused,  which  would  accumulate  indefi- 
nitely. 

In  order  that  the  conjunctions  should  take  place  always  in  cer- 
tain fixed  directions,  it  is  not  necessary  that  the  periodic  time  of  the 
exterior  planet  should  be  an  exact  multiple  of  that  of  the  interior. 
The  same  will  happen,  if  any  exact  multiple  of  one  of  the  periods 
be  exactly  equal  to  an  exact  multiple  of  the  other,  or  in  other  words, 
if  the  periods  be  commensurable.  Thus,  if  2  p^=  5  p,  it  is  evident 
that,  counting  from  the  epoch  of  any  one  conjunction,  another  will 
arrive  in  exactly  the  same  place  after  every  two  complete  revolutions 
of  B,  and  every  five  of  i.  But,  between  these  others  will  take  place 
at  fixed  intermediate  positions,  for  we  should  have 

63* 
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P'  — p  ""5-2~3' 
and  conseqaently, 

^  =  360°  X  i  =  240^ 

In  this  case,  the  lines  of  conjunction  would  be  distributed  in  the 
same  manner  as  when  F^  =  4  F,  but  the  conjunctions  would  not 
follow  in  precisely  the  same  manner.  After  the  conjuuotion  which 
takes  place  in  the  line  s  i  E  (^fig,  858),  would  succeed  that  which 
takes  place  in  the  line  8 1''  s",  and  the  ^ird  of  the  series  would  take 
place  in  the  line  s  i'  f/ ;  the  fourth,  or  the  first  of  the  next  series, 
taking  place  in  the  line  s  i  E. 

Bj  pursuing  this  method  of  reasoning,  it  will  be  easily  seen  that, 
in  all  cases  in  which  the  periods  of  the  two  planets  would  be  in  the 
exact  ratio  of  two  whole  numbers  m  and  n,  the  conjunctions  would 
invariably  succeed  each  other  in  certain  fixed  lines.  We  should,  in 
efifect,  have 

p'       m        p      **       . 

p  ""  n'  P' — P       m  —  n' 
and  consequently. 

It  * 


t  =  360  X 


and  since  m  and  n  are  the  whole  numbers,  this  would  give  the  mag- 
nitude of  the  angles  into  which  the  fixed  directions  of  the  lines  dT 
conjunction  would  divide  860°. 

It  is  evident  that,  although  complete  compensation  could  not  take 
place  between  the  efiects  of  the  disturbing  force  upon  the  elements, 
so  long  as  the  line  of  conjunction  is  limited  to  fixed  directions,  their 
approach  to  compensation  is  closer  and  closer  the  more  multiplied 
are  the  directions  which  the  line  of  conjunction  can  assume. 

3254.  Planets  present  no  case  of  commensurable  periods^  hut 
some  nearly  so.  —  By  reference  to  the  table  of  periodic  times  of  the 
planets  (2984),  it  will  be  seen  no  case  is  presented  in  the  solar 
system,  in  which  the  periods  of  two  planets  are  exactly  commensu- 
rable ]  but  as  several  cases  are  found  in  which  there  is  an  approach, 
more  or  less  close,  to  that  condition,  it  will  be  convenient  to  in- 
vestigate the  effects  which  in  general,  the  disturbing  force  would 
produce  in  their  approximate  commensurability. 

When  the  periods  are  nearly  commenpurable,  the  successire 
positions  of  the  line  of  conjunction  will  necessarily  be  before  or 
behind  the  positions  which  it  would  assume  in  the  case  of  exact 
commensurability  by  a  certain  angular  dif^tance,  which  will  be  less 
or  greater  according  as  the  periods  depart  less  or  more  from  exact 
commensurability. 
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Suppose,  for  example,  that  in  tbe  case  of  exact  commensnrability 
the  positions  of  the  lines  of  conjunction  after  each  series  of  three 
synodic  revolutions  were  s  i  E,  8 1'  jb/,  and  s  i"  t/',  as  represented  in 
jk</.  863,  and  suppose  that  the  deviation  of  the  periods  from  exact 
commensurability  is  such  that  the  second  conjunction,  instead  of 
taking  place  at  e',  shall  take  place  at  a'.  If  (^'if'  =  2  a'  b',  the 
third  coDJunction  will  take  place  at  a" ;  and  if  B  a"'  =  3  S^  a',  the 
next  conjunction  will  take  place  at  a'",  and  so  on. 

If,  then,  the  distance  a' s'  be  very  small,  which  it  will  be  if  the 
periods  are  very  nearly  commensurable,  the  lines  of  conjunction, 
though  not  rigorously  in  fixed  directions  will,  for  a  considerable 
number  of  successive  synodic  revolutions,  crowd  about  those  fixed 
directions  which  they  would  have  rigorously  assumed  if  the  com- 
mensurability had  been  exact,  and  during  that  interval,  which, 
when  the  synodic  time  is  of  much  length,  will  be  of  great  duration, 
nearly  the  same  inequality  will  be  produced  by  the  want  of  com- 
pensation in  the  effects  of  the  disturbing  force  as  if  the  directions 
of  the  line  of  conjunction  were  fixed. 

But,  however  small  the  advance  a'  tf  of  the  line  of  conjunction 
in  each  synodic  revolution  may  bc;  its  continued  accumulation 
through  a  long  succession  of  synodic  revolutions  will  carry  that  line 
at  length  round  the  whole  circumference,  causing  it  in  slow  but 
regular  and  inevitable  succession  to  take  all  directions  wil^  relation 
to  the  lines  of  apsides  of  the  two  orbits.  When  it  has  made  half  a 
revolution,  or  revolved  through  180^,  it  will  have  precisely  the 
opposite  position  with  relation  to  these  lines,  and  the  disturbing 
force  will  produce  contrary  effects  upon  the  elements  of  the  dis- 
turbed orbit;  and  while  the  line  of  coDJunction  revolves  through 
the  other  half  revolution,  the  disturbing  force,  for  like  reasons,  pro- 
duces a  series  of  effects  on  the  elements  which  are  the  opposite  to 
those  it  produced  during  the  first  half  revolution. 

8255.  Long  inequalities,  —  Hence,  obviously  arise  a  group  of 
inequalities,  affecting  the  elements  severally  of  the  disturl^d  orbit, 
the  periods  of  which  will  correspond  with  the  revelation  of  the  line 
of  conjunction. 

What  has  been  said  of  the  varying  position  of  the  line  of  con- 
junction in  relation  to  the  line  of  apsides,  will  affect  the  inequalities 
of  the  major  axis,  the  motions  of  the  apsides,  and  the  eccentricity. 
The  varying  position  of  the  same  line  with  relation  to  the  line  of 
nodes,  will  in  like  manner  affect  the  motion  of  that  line  and  the 
variation  of  the  inclination. 

Having  thus  explained  in  general  the  principle  which  determines 
the  SQOcessive  phases  of  the  long  inequalitibs  of  the  planets, 
we  shall  now  briefly  notice  some  of  the  most  remarkable  of  these 
phenomena. 
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L(mg  inequality  of  Jupiter  and  Saturn.  —  By  (2984) 
Table  II.  it  will  be  Been  that  the  periodio  times  of  Sainm  aod 
Jwiteraro 

p^  =  10759-2198.    p  =  4332-5848, 
and  conBeqnentlyy 

-  =  2-48325  =4— 0-01675, 

from  which  it  appears  that  five  times  the  period  of  Jupiter  exoeeda 
twice  that  of  Saturn  by  a  small  fraction.  Now,  if  2  p'  were  exactly 
eqmd  to  5  P,  the  conjunctions  would  invariably  take  plaoe  in  three 
lines  at  angles  of  120'',  (3253).     But  since 

t  =  360^x-^  =242-7% 
^  p'— p  ' 

it  follows  that  in  the  series  of  three  successive  oonjunotions  in 
which  the  line  would  assume  the  three  directions  at  angles  of  120°, 
if  the  periods  were  exactly  oommensurable,  it  advanoes  beyond 
these  directions  successively  by  the  andes,  2-7^,  2*7''  X  2  =  5-4'', 
and  2*7  X  3  =  81%  so  that,  after  making  a  single  revolution  in 
three  synodic  periods,  it  advances  81°  beyond  its  first  position; 
and  as  it  will  continue  to  advance  at  the  same  rate,  in  every  three 
synodic  periods  it  will  make  a  complete  revolution  in 

360      . .  . . 
-^  =  44-44  X  T. 

But  the  synodic  period  is 

T  =  ?^  =  7258-3days; 

and,  therefore,  the  time  of  a  complete  revolution  of  the  line  of  con- 
junction  will  be 

daya.  jvan, 

7253-3  X  44-44  =  322666  =  883-2 ; 

an  interval  which  is  equal  to  29*96  revolutions  of  Saturn  and  to 
74-405  revolutions  of  Jupiter.* 

3257.  Period  of  thi$  inequality  about  880  years.  —  It  follows, 
therefore,  from  what  has  been  explained,  that  the  line  of  conjunc- 
tion of  these  planets  revolving  from  a  given  direction  to  one  diame- 
trically opposite  in  about  440  years,  and  then  completing  its  revolu- 
tion, and  returning  to  its  original  direction  in  the  next  440  years,  a 

*  The  Astronomer  Royal,  in  his  tract  on  Gravitation,  gives  856  years 
for  this  interval,  but  observes  that  the  numbers  are  not  quite  exact,  the 
ratio  of  29  to  72,  which  ho  takes  as  that  of  the  periodic  times,  not  being 
quite  accurate. 
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series  of  inequalities  will  be  prodaoed  upon  the  elements  of  the  two 
orbits,  which  will  go  on  increasing  or  decreasing  for  a  period  of  440 
years,  and  will  undergo  the  contrary  Tariation,  decreasing  or  in- 
creasing during  the  succeeding  440  years. 

As  already  observed,  however,  it  must  not  be  assumed,  in  this 
or  any  like  case,  that  the  compensation  produced  by  the  contrary 
effects  in  the  two  intervals  is  necessarily  complete,  and  that  the  in- 
crease efiaces  completely  the  decrease;  or  vice  versd.  Such  a  perfect 
equilibrium  between  the  effects  of  the  perturbations  rarely  takes 
place. 

3258.  Its  effect  upon  the  major  axis  and  periods.  —  One  of  the 
long  inequaHties  resulting  from  this  relation  between  the  mean 
motions  of  the  planets,  affects  the  major  axes  of  their  orbits,  and 
consequently  their  periodic  times.  The  major  axis  of  one  orbit 
increases,  and  that  of  the  other  decreases,  continually  for  440  years, 
and  during  the  next  440  years  the  former  decreases  and  the  latter 
increases.  The  consequence  of  this  is  that  the  mean  motion  of 
one  planet  continually  increases,  and  that  of  the  other  continually 
decreases,  during  periods  of  440  years.  Although  the  changes 
produced  upon  the  axes  from  this  cause  are  so  minute  as  to  bo 
scarcely  appreciable,  that  of  Saturn's  orbit  amounting  when  great- 
est to  only  the  1350th;  and  that  of  Jupiter's  to  the  8550th  part 
of  its  length,  the  effects  produced  upon  the  motions  of  the  planets 
are  very  considerable^  the  place  of  Saturn  being  affected  to  the 
extent  of  48',  and  that  of  Jupiter  to  21'.  The  greatest  inequality 
of  any  other  planet  does  not  affect  its  place  to  a  greater  extent  than 
3';  and  those  which  are  within  Jupiter's  orbit  are  much  less  affected, 
being  never  removed  from  their  mean  place  by  so  much  as  half  a 
minute. 

8259.  Its  effects  upon  the  eccentricities,  —  It  appears  that,  during 
the  interval  in  which  the  line  of  conjunction  moves  through  120^, 
the  eccentricity  of  each  of  the  two  orbits  increases,  attains  a  max- 
imum magnitude,  and  then  decreases.  The  effect  produced  upon 
the  planet  8  distance  from  the  sun  by  the  change  of  eccentricity  is 
much  more  considerable  than  the  effect  produced  by  the  change  in 
the  magnitude  of  the  major  axis.  In  the  case  of  Jupiter  it  amounts 
to  the  1230th  part  of  the  entire  distance,  and  in  the  case  of  Saturn 
to  the  314th  part. 

3260.  Effect  on  the  direction  of  the  apsides.  —  The  effect  upon 
the  motion  of  the  apsides  is  subject  to  a  like  period.  A  progressive 
motion  is  imparted  to  them  for  440  years,  and  a  regressive  motion 
for  the  next  440  years.  Between  this  motion  of  the  apsides  and 
the  variation  of  the  eccentricity  of  each  orbit,  there  is  a  necessary 
relation  ;  the  eccentricity  of  each  orbit  having  its  mean  value,  when 
the  progressive  or  regressive  motion  of  the  apsides  has  attained  iCb 


9U  ASTRONOMY. 

limit ;  and  when  the  eecentriQitj  is  at  its  maximum  or  minimiuD, 
the  apsides  arriYe  at  their  mean  places. 

This  long  inequality  of  Jupiter  and  Saturn  is  a  phenomenon  of 
considerahle  historical  celehrity  and  interest,  owing  to  the  apparent 
irregularity  which  it  explained,  having  heen  ohsenred  long  before 
its  cause  was  discovered,  and  having  given  great  perplexity  to  as- 
tronomers. Its  cause  was  demonstrated  and  the  whole  character 
and  law  of  the  phenomenon  explained  by  LapUce,  in  1785. 

8261.  Long  inequalttjf  of  Venus, — Next  to  that  which  has  been 
just  noticed,  the  most  remarkable  inequality  of  this  class  is  the 
long  inequality  of  Venus,  arising  £rom  the  near  oommensurability 
of  Uie  periods  of  that  planet  and  the  Earth.  If  f^  and  P  expresi 
these  periods,  we  shall  have  (2984,) 

Thus,  13  P  exceeds  8  p^  by  0004  P,  that  is,  by  the  250th  part  of  P. 
To  determine  the  value  of  tj  we  have 

f  =  360°  X  ^:^  =  575-53<>  =  576°  —  0-47°. 

But  if  8  p^  were  exactly  equal  to  13  P,  each  successive  conjunction 
would  take  place  576°  in  advance  of  the  last;  and  since  576°  = 
3  X  180°  +  36°,  it  follows  that  in  this  case  the  line  of  each  suc- 
cessive conjunction  would  be  36°  in  advance  of  that  point  diametri 
cally  opposite  to  the  last  conjunction.  By  following  this  out  it  will 
be  seen,  that  five  successive  conjunctions  would  take  place  in  lines, 
dividing  the  whole  circumference  into  ^ve  equal  angles  of  72°. 
But  in  consequence  of  8  p'  being  a  little  greater  than  13  p,  the  line 
of  each  successive  conjunction  will  fall  0*47°  behind  the  place  it 
would  occupy  if  the  periods  were  exactly  commensurable.  By  the 
continued  accumulation  of  this  deviation,  the  line  of  conjunction 
will  take  successively  all  positions  round  the  circumference,  shifting 
its  direction  through  0*47°  in  each  synodic  period.  To  determine 
the  time  in  which  it  will  make  a  complete  revolution,  it  is  only 
necessary  to  divide  72°  by  0*47,  and  multiply  the  quotient  by  the 
synodic  period.    This  gives 

IfiLp  =:  89462  =  244-9.* 

This  inequality,  the  discovery  of  which  is  due  to  the  genius  and 
research  of  the  Astronomer  Royal,  notwithstanding  the  long  interval 
of  its  accumulation,  does  not  exceed,  even  at  its  maximum,  a  few 
seconds ;  and  affords  a  striking  example  of  the  degree  oif  precision 

*  Aooording  to  the  Astronomer  Royal,  239  years. 
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to  Trhich  our  knowledge  of  the  planetary  motions  baa  been  carried 
by  the  application  of  the  principles  of  the  theory  of  gravitation. 

3262.  Other  long  inequalities,  —  There  are  several  other  in- 
equalities of  this  class,  incidental  to  the  other  planets,  which  need 
only  be  indicated  here,  their  investigation  and  exposition  being 
precisely  similar  to  these  already  explained.  Thus  in  the  case  of 
Mercury  and  the  Earth 

p'      365-256       ,,^      ^       ^,^ 
•     r=-87W9  =  ^'^^=^  +  <>'l^^ 

so  that  the  one  period  is  bnt  a  little  mote  than  four  times  the  other. 
This  produces  an  inequality  whose  period  is  about  seven  years. 
In  the  case  of  Venus  and  Mercury  we  have 

P'      224-701      ^^^       5      ^^^ 

P=^T969  =  2-^^  =  2  +  ^-^^' 

In  the  case  of  Mars  and  Venus 

In  the  case  of  Uranus  and  Saturn 

7-10769-^^^-^      "^^• 
In  the  case  of  the  Earth  and  Man 

i:  =  |6|79  =  1.88  =  2-012. 
p       865-256 

In  each  of  these  cases  long  inequalities  are  produced,  the  periods 
of  which  may  be  determined  by^the  method  already  explained. 

3268.  Long  inequalities  of  the  nodes  and  inclination,  —  The 
variation  of  the  motion  of  the  line  of  nodes  and  of  the  magnitude 
of  the  inclination,  consequent  upon  the  changes  of  position  of  the 
line  of  conjunction,  in  all  cases  of  near  commensurability  of  the 
periods,  are  so  exactly  similar  to  the  changes  already  explained,  of 
the  line  of  apsides  and  the  eccentricity,  that  it  is  only  necessary  here 
to  observe  that,  mutatis  mutandis,  all  that  has  been  explained  of 
the  one  is  applicable  to  the  other. 

8264.  Secular  inequalities,  —  The  inequalities  noticed  in  the 
preceding  paragraphs,  have  been  exclusively  those  whose  periods  are 
determined  bv  the  variation  of  the  relative  positions  of  the  dis- 
turbiuff  and  disturbed  planets,  or  by  what  has  been  called  their  con- 
figuration ;  and  which  are  denominated  periodical  inequalities,  not 
because  all  other  inequalities  are  not  also  periodical,  but  because  the 
periods  of  the  former  are  of  much  more  limited  length,  and  ezoepi 
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in  the  case  of  the  long  inequalities^  such  as  maj  be  in  general  com- 
pleted within  the  limits  of  astronomical  records.  The  other  class  of 
inequalities  are  those  which  are  from  the  continual  accumulation  of 
the  residual  phenomena,  which  remain  uncompensated  after  the 
disturbing  and  disturbed  bodies  have  passed  through  all  their  phases 
of  configuration,  and  recommence  to  pass  through  a  like  series  rf 
relative  positions ;  these  are  the  secular  inequalities. 

3266.  Secular  constancy  of  the  major  a^xes.  —  No  result  of  the 
researches  of  mathematicians  in  physical  astronomy  has  excited  so 
great  and  so  just  an  admiration,  as  the  discovery  of  the  fact  that, 
although  the  major  axes  of  the  orbita  of  the  planets  are  subject  to 
small  periodical  variations,  which  cause  their  periodic  times  and 
mean  motions  to  oscillate  within  narrow  limits  round  certain  mean 
values,  yet  that  the  mean  values  of  these  axes  are,  in  the  long  run, 
rigorously  invariable  and  subject  to  not  the  slightest  variation  from 
age  to  age,  and  cannot  bo  subject  to  any,  so  long  as  the  solar  system 
is  not  interfered  with  by  any  agencies,  save  those  which  have  play 
among  the  bodies,  great  and  small,  which  compose  it. 

The  importance  of  this  theorem,  and  the  interest  with  which  its 
complete  demonstration  must  be  regarded,  will  be  understood  when 
it  is  considered  that,  upon  the  magnitude  of  the  major  axis  of 
the  orbit  of  a  planet  depends  the  apparent  motion  of  the  sun  as 
seen  from  the  planet,  and  the  average  supply  of  light  and  warmth 
received,  in  a  given  time  from  that  luminary.  Any  continued  and 
accumulated  change  in  the  major  axis,  such  as  would  necessarily 
result  from  a  secular  inequality  affecting  it,  would  not  only  subvert 
the  physical  conditions  to  which  the  organization  of  the  races  which 
inhabit  the  planets  are  adapted,  but  would  destroy  the  great  land- 
marks  of  chronology,  and  deprive  the  heavenly  bodies  of  some  of 
their  most  important  uses. 

A  wise  provision  in  the  physical  structure  and  laws  of  the  system 
has,  however,  rendered  such  derangements  impossible,  by  making 
all  the  periodical  perturbations  to  which  the  major  axes  of  the 
planetary  orbits  are  subject,  rigorously  compensatory. 

First.  The  effects  of  the  radial  component  of  the  disturbing  force 
of  one  planet  exerted  upon  another  after  they  have  passed  through 
all  possible  configurations  are  rigorously  compensatory. 

If  the  disturbing  planet  be  exterior,  the  radial  component  being 
alternately  positive  and  negative,  will  on  the  whole  produce  a  nega- 
tive effect,  the  aggregate  of  its  negative  actions  exceeding  those  of 
its  positive.  It  will,  therefore,  on  the  whole  diminish  the  average 
effective  central  attraction.  In  like  manner,  if  the  disturbing 
planet  be  interior  to  the  disturbed,  its  results  on  the  whole  will  he 
to  augment  the  average  effective  central  attraction.  In  the  one  case, 
the  mean  distance  or  major  axis  which  corresponds  to  the  periodic 
time  by  the  harmonic  law  will  be  greater,  and  in  the  other  case  less, 
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tban  it  would  be  in  the  absence  of  the  disturbing  force ;  but  in 
both  cases,  so  long  as  the  mean  effective  central  attraction  remains 
tbe  same,  the  mean  value  of  the  major  axis  of  the  orbit  will  be  in- 
variable. 

If  we  take  an  interval  of  time  so  great  that  each  of  the  planets 
will  have  assumed,  with  relation  to  the  other,  every  possible  rela- 
tive position,  it  will  follow  that  the  mean  value  of  the  radial  com- 
ponent of  the  disturbing  force  corresponding  to  any  proposed  point, 
p,  of  the  orbit  of  the  disturbed  planet,  during  such  interval,  will  be 
found  by  taking  a  mean  of  the  radial  components  of  all  the  disturb- 
ing forces  exerted  by  the  disturbing  planet  in  all  the  points  M  of 
its  orbit  upon  the  disturbed  planet  at  the  proposed  point;  for  at  one 
time  or  other  in  the  assumed  interval,  provided  it  bo  sufficiently 
great,  the  disturbing  planet  must  have  been  found  at  each  of  the 
points  of  its  orbit,  the  disturbing  planet  being  at  the  same  moment 
at  P.  If,  then,  we  imagine  the  radial  components  of  the  disturb- 
ing force  exerted  by  the  planet  M,  at  each  of  the  points  of  its  orbit 
upon  the  disturbed  planet  at  the  point  p,  and  if  we  take  the  mean 
of  all  these  components  by  dividing  their  sums  by  their  number, 
the  mean  will  be  the  mean  value  of  the  radial  component  of  all 
the  disturbing  forces  exerted  by  the  disturbing  planet  upon  the  dis- 
turbed planet,  when  the  latter  was  found  at  the  point  p  during  the 
assumed  interval.  Now,  it  is  quite  evident  that  this  mean  value 
must  always  be  the  same. 

In  the  same  manner,  the  mean  value  of  the  radial  component  for 
every  other  position  of  the  disturbed  planet  may  be  found,  and  it 
"will  be  apparent  that  the  mean  effect  of  the  disturbing  force  esti- 
mated in  the  direction  of  the  radius  vector  at  each  point  of  tbe 
orbit  of  the  disturbed  planet,  is  always  the  same,  and  consequently 
the  effect  produced  by  this  component  on  the  major  axis  is  always 
the  same.  So  far,  therefore,  as  relates  to  this  component  of  the 
disturbing  force,  the  mean  value  of  the  major  axis  taken  in  an  in- 
terval of  time  so  great  that  the  two  planets  will  have  assumed  with 
relation  to  each  other  every  possible  position  in  it,  is  subject  to  no 
ultimate  variation. 

Secondly,  Tbe  effects  of  the  tangential  components  are  most 
easily  explained,  by  considering  the  whole  attractive  forces  which 
the  disturbing  planet  exerts  upon  the  sun  and  upon  the  disturbed 
planet.  It  will  be  remembered,  that  the  disturbing  force  exerted 
by  M  on  p,  is  the  resultant  of  the  attractive  force  exerted  by  m  on  p 
and  a  force  exerted  on  P,  equal  and  opposite  to  the  attractive  force 
which  m'  exerts  on  s.  Now,  if  we  take  m  suocessively  at  every 
point  of  its  orbit,  and  find  its  attractive  force  on  8,  it  will  be  appa>- 
rent  that  the  resultant  of  all  these  forces  directed  from  8  towards  M, 
will  be  in  equilibrium,  and  therefore,  oompensatory.     It  followS| 
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Uterefore,  thmt  the  forces  equal  and  opposite  to  those  which  m 
assumed  to  act  on  p,  must  also  be  compensatory. 

It  remains,  therefore,  only  to  investigate  the  total  effects  of  M^s 
attraction  on  P,  in  all  the  positions  which  the  two  bodies  can 
assume. 

Let  M  be  supposed  to  be  at  any  giyen  point  of  its  orbit,  and  let  p 
be  taken  at  every  point  of  %U  orbit  These  are  positions  which  an 
not  successively  assumed  in  the  motions  of  the  two  bodies ;  hat  they 
are  positions  which  at  tome  times  in  the  assumed  interval  they  mvst 
have,  if  that  interval  be  assumed  of  sufficient  length ;  and  as  oar 
present  object  is  to  obtain  the  aggregate  effect  of  the  forces  during 
the  entire  interval,  the  order  in  which  they  are  exerted  is  immate- 
rial. Now,  if  p  be  thus  supposed  to  make  a  complete  revolution 
while  M  maintains  its  position,  it  will  follow,  from  a  general  prin- 
ciple of  physics,  that,  when  it  returns  to  its  primitive  place,  after 
completing  a  revolution,  it  will  have  exactly  the  same  orbital 
velocity  as  when  it  started  from  that  place.  It  follows,  therefore, 
that  the  effects  of  the  tangential  component  of  m's  attraction  in  ac- 
celerating it  during  its  revolution  must  have  been  precisely  equal 
to  the  effects  of  the  same  component  in  reterding  it.  But  it  has 
been  shown  (8154.)  that  every  such  acceleration  produces  an  in- 
crease, and  every  such  retardation  a  diminution,  of  the  major  axis 
of  the  orbit.  It  follows,  therefore,  that  in  such  a  revolution,  the 
increments  and  decremente  of  the  major  axis  would  be  equal^  and  a 
complete  compensation  would  be  effected. 

Now,  the  same  will  be  true  for  every  position  whatever  which  K 
can  assume  in  its  orbit,  and  it  will  therefore  follow,  that  if,  while  M 
passes  from  point  to  point  of  ite  orbit,  with  an  intermitting  motion, 
P  makes  a  complete  revolution  during  the  time  it  stops  at  each 
point,  the  result  of  the  total  action  of  all  the  disturbing  forces 
developed  during  such  a  revolution  of  M  on  the  major  axis  of  p's 
orbit,  would  be  absolutely  compensatory,  and  consequently  the 
major  axis  after  such  a  revolution  will  have  exactly  the  same  mag- 
nitude it  had  at  its  commencement. 

Now,  it  is  true  that  such  is  not  the  way  in  which  the  two  bodies 
M  and  P  do  actually  move.  The  disturbing  planet  M  does  not  stop 
at  each  point  of  its  path  while  the  disturbed  planet  P  makes  a  revo> 
lution,  and  they  consequently  do  not  assume  the  various  configura- 
tions in  the  order  here  assigned  to  them.  The  two  planete  move 
and  continue  to  move  simultaneously ;  but  they  do  assume  these 
various  configurations,  although  they  take  place  in  a  different  order 
of  succession.  Since,  however,  that  order  does  not  affect  the  values 
of  their  aggregates,  and  since  the  sum  of  all  the  positive  effecte  and 
the  sum  of  all  the  negative  effects  will  still  be  the  same  in  what- 
ever ooler  they  may  take  place,  the  same  perfect  compensation  will 
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>e  realued  in  the  actual  motions  which  haye  been  here  shown  to 
take  place  in  the  supposed  motions. 

It  will  doubtless  be  objected  to  this  reasoning,  that  we  have  sup- 
posed each  planet  to  mtJce  its  revolution  in  an  orbit  of  fixed  mag- 
nitade  and  form,  without  allowing  for  the  displacement  which  the 
disturbing  force  itself  must  incTitablj  produce  during  each  revolu- 
tioD,  which,  though  very  small,  is  not  quite  inappreciable.  This, 
however,  has  been  taken  into  the  account  in  some  mathematical 
researches,  and  it  does  not  appear  to  afiect  the  conclusion. 

What  is  true  in  this  reasoning  of  the  effect  of  the  disturbing 
force  of  any  one  planet  upon  another,  will  be  equally  true  of  afl 
the  planets,  primary  and  secondary,  on  that  other)  and  it  may, 
therefore,  be  inferred,  in  general,  that  the  major  axes  of  the 
planetary  orbits  are  not  subject  to  any  secular  variation,  and  that 
in  the  course  of  ages  the  periods  and  mean  motions,  which  by  the 
harmonic  law  depend  on  the  major  axis,  can  never  suffer  any  per- 
manent change. 

3266.  Secular  variation  of  the  aptidei.  —  It  has  been  shown 

that  the  change  of  position  of  the  apsides  in  a  synodic  revolution, 

depends  on  the  position  of  the  line  of  conjunction  with  relation  to 

the  perihelion  of  the  disturbed  orbit,  but  in  an  interval  of  time  so 

loDg  as  to  allow  the  line  of  conjunction  to  assume  all  possible  posi* 

tions,  all  possible  effects  will  be  produced  upon  the  apsides.     The 

magnitude  of  these  effects  will  vary  with  the  varying  distance  of 

the  disturbing  planet  from  the  disturbed  orbit     The  greatest  effect 

will  obviously  be  produced  at  those  parts  of  the  disturbed  which 

are  nearest  to  the  disturbing  orbit;  and  in  taking  a  mean  of  all 

the  variations  of  the  apsides  during  the  entire  interval  these  effects 

will  predominate,  so  that  it  may  be  assumed  that  the  final  residual 

effect  upon  the  apsides,  will  be  identical  in  its  character  with  the 

effect  produced  in  those  conjunctions  which  take  place  at  the  points 

where  the  two  orbits  are  nearest  to  each  other. 

The  position  of  these  points  will  evidently  depend  upon  the  rela- 
tive magnitude  of  the  two  major  axes,  their  relative  position,  and 
the  eccentricities  of  the  two  orbits. 

If  that  half  of  the  disturbed  orbit,  in  the  middle  of  which  aphe- 
lion is  placed,  be. nearer  than  the  other  half  to  the  orbit  of  the 
disturbing  planet,  the  secular  motion  of  the  apsides  will  be  pro- 
gressive; if  it  be  more  remote,  the  motion  will  be  regressive.  If 
the  position  of  the  orbits  be  such  that  both  halves  are  equidistant 
from  the  orbit  of  the  disturbing  planet,  there  will  be  no  secular 
variation  of  the  apsides. 

The  secular  motion  of  the  apsides  will  continue  to  have  the 
same  direction,  until  their  change  of  relative  position  shall  alter 
the  conditions  and  render  them  stationary,  or  reverse  the  direction 
of  the  motion. 
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3267.  Secular  variation  of  the  eccentricity, — ^The  secnlar  elect 
of  the  disturbing  force  upon  the  eccentricity  of  the  distarbed  orbit, 
is,  like  that  of  the  apsides,  similar  in  character  to  the  effect  produced 
at  those  points  of  the  disturbed  orbit,  which  are  nearest  to  the  dis- 
turbing orbit.  The  eccentricity  will  accordingly,  on  the  whole, 
either  increase  or  decrease,  or  suffer  no  change,  according  to  the 
position  of  the  perihelion  of  the  disturbed  orbit  at  those  points 
where  the  two  orbits  are  in  greatest  proximity,  and  it  will  cooymie 
to  be  affected  in  the  same  manner,  until  the  conditions  are  changed 
by  the  secular  change  of  the  apsides. 

At  the  place  where  the  two  orbits  are  in  closest  proximity,  both 
planets  are  in  general  moving  either  from  aphelion  to  perihelion,  or 
the  contrary,  so  that  one  eccentricity  is  increasing  and  the  other  de- 
creasing. 

The  secular  variation  of  the  eccentricities,  if  it  continaed  to  take 
place  in  the  same  way,  either  always  increasing  or  always  decreasing 
would,  after  a  period  of  time  of  great  length,  but  still  definite,  so 
change  as  to  derange  in  a  serious  degree  the  economy  of  the  system, 
and  to  expose  the  planets  to  such  vicissitudes  of  temperature  as 
would  be  incompatible  with  their  well-being,  not  to  mention  other 
causes  of  derangement  which  would  attend  such  changes.  It  is 
found,  however,  by  pursuing  the  inquiry,  and  tracing  the  changes 
in  long  periods  incidental  to  the  eccentricity,  that,  slow  and  long 
continued  as  these  are,  they  are  still  periodic,  and  ultimately  com- 
pensatory. After  varying  in  one  way,  either  by  continual  increase 
or  continual  diminution,  for  many  thousand  years,  each  eccentricity 
will  at  a  certain  epoch  cease  to  vary,  and  will  then  begin  to  undergo 
a  contrary  variation,  decreasing  if  it  had  before  increased,  and 
increasing  if  it  had  before  decreased;  and  this  will  continue  for 
periods  of  like  length  until  it  attain  another  limit  at  which  it  will 
become  stationary,  and  so  on  without  end. 

3268.  Secular  variation  of  the  nodes. — The  same  mode  of  expla- 
nation as  was  adopted  in  the  case  of  the  other  elements,  will  serve 
to  explain  the  secular  variation  of  the  nodes  and  inclinations.  It 
has  been  shown  that  the  components  of  the  disturbing  force,  which 
are  equal,  parallel,  and  opposite  to  the  planet's  attraction  on  the 
sun,  taken  in  every  point  of  its  orbit,  are  exactly  compensatory, 
and  may  therefore  in  this  case  be  neglected.  If,  then,  the  forces 
exerted  by  the  disturbing  planet  m^  at  all  points  of  its  orbit  upon  p, 
at  any  one  point  of  its  orbit  be  taken,  it  is  easy  to  see  that  their  re- 
sultant will  be  a  force  which  will  tend  to  draw  P  from  the  plane  of 
its  own  orbit  towards  the  plane  of  m\s  orbit.  This  will  be  apparent 
from  the  consideration  that  the  total  efibct  of  m's  attraction  will  be 
similar  in  character  to  its  effect  where  most  intense,  that  is,  at  the 
points  where  the  two  orbits  are  in  closest  proximity.     It  follows, 
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thttrefcwe,  that  the  nodes  of  p's  orbit  most  secularly  regress  upon 
m's  orbit. 

It  is  necessary,  nevertheless,  to  bear  in  mind  that  this  secular 
regression  on  the  orbit  of  the  disturbing  planet  does  not  infer  its 
regression  on  other  places.  A  regression  on  one  place  may  cause  a 
progression  of  the  nodes  of  the  same  orbit  with  another  plane. 

3269.  Secular  variation  of  the  inclination, — ^If  the  orbits  of  both 
planets  were  absolutely  circular;  the  periodical  inequalities  of  the 
inclinatioB  would  be  exactly  compensatory,  and  there  would,  there* 
fore,  be  no  secular  variation  of  that  element;  for  in  such  case  at 
points  equally  distant  from  the  point  which  is  most  remote  from  M, 
M  exerts  equal  disturbing  forces  on  the  inclination^  one  tending  to 
increase  it,  and  the  other  to  decrease  it. 

But  if  the  orbits  be  elliptic,  a  certain  point  can  be  determined 
where  the  effect  of  the  orthogonal  component  of  the  attracting  force 
of  M  on  p  is  greater  than  at  any  other  point,  and  the  total  effect 
produced  on  the  inclination  by  M  taken  in  every  part  of  its  orbit,  on 
p  taken  in  every  part  of  its  orbit,  in  all  positions  of  the  line  of  con- 
junction with  relation  to  the  line  of  nodes,  will  be  similar  in  ofaarao- 
ter  to  this  maximum  effect ;  and  such  will  be  the  character  of  the 
secular  variation  of  the  inclination. 

The  observations,  however,  which  have  been  made  (3267),  re- 
specting the  limits  within  which  the  secular  variation  of  the  eocen* 
tricities  are  confined,  are  equally  applicable  to  the  inclinations. 
These  also,  though  they  may  severally  increase  continually  (subject 
to  their  periodical  oscillations),  for  thousands  of  years,  will  necess- 
arily decrease  continually  for  periods  of  like  duration,  and  the  limits 
within  which  this  secular  oscilhtion  is  confined  are  in  all  cases 
extremely  narrow. 

3270.  Laplact^s  theorems  of  ike  relations  hettoeen  the  eocentricities 
and  inclinations  of  the  planetary  orbits. — ^The  researches  of  Laplace 
have  led  to  the  discovery  of  a  beautiful  mathematical  relation  which 
prevails  between  the  eccentricities  and  inclinations  of  the  planetary 
orbits,  which  may  be  easily  comprehended  without  any  profound 
mathematical  knowledge,  although  its  demonstration  does  not  admit 
of  exposition  on  principles  sufficiently  elementary  to  allow  of  its  in- 
troduction here. 

THEOREM. 

"Iy  THS  NUMBBRS  which  SXPBXSS  THB  SQUARX  or  THX  XCGENTRI- 
CITY  AND  THX  8QUABX  ROOT  OF  THE  SEMI-AXIS*  MAJOR  OF  XACH  Or  THB 
PLANETARY  ORBITS  BE  MULTIPLIED  TOGETHER,  AND  THEIR  PRODUCT  BB 
MULTIPLIED  B7  THE  NUMBER  WHICH  EXPRESSES  THE  MASS  OF  THX 
PLANET,*  THE  SUM  OF  ALL  SUCH  PRODUCTS  FOR  ALL  THE  PLANETS  WILL 
ALWAYS  BB  THE  SAME,  MOTWITHSTANDINQ  THB  SECULAR  VARIATION  OF 
THE   XCCENTRICITT." 

This  celebrated  theorem  may  be  conveniently  and  very  concisely 
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expressed  algebraically  as  follows :  Let  a  express  tbe  mean  vmlne 
of  the  semi-major  axis.  Let  m  express  the  mass  of  the  planet,  and 
e  the  eccentricity ;  let  all  the  axes  and  all  the  masses  be  expressed 
with  relation  to  the  same  unit.  If,  then,  the  symbol  2  be  used  to 
express  the  result  of  the  addition  of  the  preceding  products  taken 
for  the  planets  severally,  we  shall  have 

and  it  will  be  found  that  this  sum  o  never  has  varied  and  never 
will  vary. 

In  the  same  manner  the  relation  of  the  inolinatioQ  b 
by  the  following 

THEOREM. 

'*If  ths  numbers  which  express  the  square  of  the  tangent 
OP  the  inclination   of   the   orbit   to  a  fixed   plane,  and  the 

SQUARE  root  OF  THE  SEMt-AXIS  MAJOR  OF  EACH  OF  THE  PLANET  ART 
ORBITS,  BE  MULTIPLIED  TOCETBER,  AND  THEIR  PRODUCT  BE  MULTIPLIED 
BY  THE  NUMBER  WHICH  EXPRESSES  THE  MASS  OF  THE  PLANET,  TBE 
SUM  OF  ALL  SUCH  PRODUCTS  FOB  ALL  THE  PLANETS  WILL  ALWATS  BE 
THE  SAME,  NOTWITHSTANDING  THE  SECULAR  VARIATION  OF  THE  INCLI- 
NATION." 

If  I  express  the  inclination,  this  theorem  may  in  like  manner  be 
expressed  thus, 

X  (w  X  >/a  X  tar? l)  =  c', 

and  it  will  be  found  that  d  never  has  and  never  will  vaiy. 

It  was  shown  in  a  paper  by  the  author  of  this  volume,  read 
before  the  Astronomical  Society,  that  if  the  present  position  of  the 
plane  of  the  ecliptic  be  taken  as  the  fixed  plane  of  reference,  the 
values  of  these  sums  will  be 

0  =  0-00000827941 
€'==0  00000814170. 

3271.  Conservative  influence  erroneously  ascribed  to  these  theo- 
rems,—  These  theorems  have  been  represented  by  astronomical 
writers  generally  as  affording  a  complete  security  against  any  undue 
secular  increase  of  the  eccentricities  or  inclinations  of  the  planetary 
orbits.* 

It  has  been  shown,  however,  in  the  memoir  already  referred  to, 
by  the  author  of  this  volume,  that,  except  so  far  as  relates  to  tbe 
major  planets,  these  theorems  have  no  such  conservative  influence, 
and  that  the  eccentricities  and  inclinations  of  the  terrestnal  planet^ 
for  anything  contained  in  these  formulae,  might  increase  to  an 
extent  which  would  utterly  derange  tbe  economy  of  the  system. 

*  See,  for  example,  Herschel,  Outlines  of  Astronomy,  e<L  1849,  p.  405, 
462;  Grant,  History  of  AstroHomy,  chap.  W.  p.  66. 
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CHAP.  XXIY. 

THEORY  OF  SPHEROIDAL  PERTURBATIONS. 

3272.  Attraction  of  plaiieta  would  he  central  if  their  forms  were 
exactly  spherical. — In  the  preceding  investigations  of  the  effects  of 
the  reciprocal  attractions  of  the  bodies  composing  the  solar  system, 
the  attraction  exerted  by  each  of  these  upon  the  others,  is  considered 
to  emanate  from  its  centre  in  all  directions  around  it,  as  luminous 
rays  would  from  a  radiant  point.  This  would  be  strictly  true  if  the 
gravitating  bodies  were  all  spherical;  since  it  is  a  property  of  a 
sphere  that  the  matter  composing  it,  supposing  it  to  be  either  uni- 
formly dense,  or  to  have  a  density  varying  according  to  some  fixed 
law  depending  on  the  distance  from  tlie  centre  of  the  mass,  exercises 
on  all  distant  bodies  exactly  the  same  attraction  as  if  its  entire  mass 
were  concentrated  at  its  centre. 

But  if  the  attracting  body  be  not  splicrical,  this  will  not  be  true; 
and  accordingly  the  attraction  exerted  by  any  such  body,  must  be 
investigated  with  especial  reference  to  its  form. 

3273.  Disturbing  forces  consequent  on  spheroidal  forms,  —  Now, 
although  the  planets  generally,  including  the  earth,  are  very  nearly^ 
they  are  not  exactly^  spherical,  as  has  been  already  explained.  The 
ellipticity  of  these  spheroids,  though  too  inconsiderable  to  produce 
any  sensible  effect  upon  their  mutual  attractions,  or  to  require  to  be 
taken  into  account  in  any  analysis  of  their  perturbations,  is  never- 
theless sufficient  to  produce  very  sensible  effects  on  the  mutual  at- 
tractions of  the  spheroidal  planets  and  their  satellites,  and  even  upon 
the  phenomena  resulting  from  the  central  attraction  of  the  sun 
exerted  upon  them. 

These  effects  are  manifested  in  the  motions  of  the  planets  them- 
selves by  periodical  changes  in  the  position  of  their  axes  of  rotation, 
and  in  their  satellites  by  similar  changes  in  the  elements  of  their 
orbits. 

It  is  these  effects  that  we  denominate  spheroidal  inequali- 
ties ;  the  name  indicating  their  physical  cause. 

3274.  Effects  which  would  he  produced  if  a  satellite  were  at- 
tached to  the  surface  of  the  earth  at  tJie  equator.  —  If  the  earth 
were  attended  by  a  second  satellite,  revolving  close  to  its  surface 
and  in  the  plane  of  its  equator,  its  periodic  time  would  be  less  than 
that  of  the  moon,  in  a  ratio  which  is  easily  ascertained  by  the  har- 
monic law.  Let  m  express  the  moon's  period,  /  its  distance,  p  the 
period  of  such  a  satellite  as  is  here  supposed,  and  r  its  distance  from 
the  earth's  centre .     We  should  then  have 
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But  since  the  supposed  satellite  is  close  to  the  surface,  its  distanee 
from  the  centre  is  the  earth's  semi-diameter ;  and  since  the  moon's 
distance  is  sixty  semi-diameters  of  the  earth,  wfi  shall  have 

and  since  m  =  655-73  hours  (2470),  it  follows  that  p  =  3-613 
hours. 

Such  a  satellite  would  he  subject  to  the  disturbing  action  of  the 
sun,  which  would  produce  in  its  orbit  inequalities  similar  in  kind  to, 
but  different  in  magnitude  from,  those  produced  by  the  son's  dis- 
turbing force  on  the  moon's  orbit.  Its  nodes,  that  is,  the  equinoctial 
points  (lnasm^ch  as  its  orbit  is  by  the  supposition  the  plane  of  the 
equator),  would  receive  a  slow  regressive  motion ;  and  its  inclina^ 
tion,  that  is,  the  obliquity  of  the  ecliptic,  would  be  subject  to  a  Tari- 
tion  whose  period  would  depend  on  that  of  the  successive  retains 
of  the  sun  to  the  same  equinoctial  point 

This  satellite  would  also  be  subject  to  the  disturbing  action  oi 
the  moon,  which  would  affect  it  in  a  manner  nearly  similar;  since, 
in  that  case,  also,  the  disturbing  body  would  be  exterior  to  the  dis- 
turbed. It  would  impart  to  the  line  of  nodes  of  the  supposed 
satellite,  that  is,  to  the  intersection  of  the  plane  of  its  orbit  with 
the  plane  of  the  earth's  equator,  a  retrograde  motion  npon  the 
former  plane ;  and  since  that  plane  is  inclined  at  a  very  smidl  angle 
to  the  plane  of  the  ecliptic,  this  would  produce  a  like  retrograde 
motion  of  the  .equinoctial  points  upon  the  ecliptic. 

A  variation  of  the  inclination  of  the  pUne  of  the  equator  to  that 
of  the  moon's  orbit,  and,  therefore,  to  the  plane  of  the  ecliptic, 
would  also  be  produced,  the  period  of  which  would  depend  on  the 
moon's  motion. 

But  the  moon's  orbit  would  also  be  disturbed  by  the  attraction 
of  the  supposed  satellite.  A  regressive  motion  would  be  imparted 
to  the  line  in  which  the  plane  of  its  orbit  intersects  that  of  the 
equator,  and  a  periodical  variation  of  inclination  would  likewise  be 
produced,  depending  on  the  period  of  the  supposed  satellite. 

Let  us  now  imagine  that  the  supposed  satellite,  instead  of  re- 
volving in  3-613  hours,  moves  with  a  much  slower  motion,  and 
revolves  in  23  hours  and  56  minutes,  the  time  of  the  earth's  rota- 
tion. The  inequalities  which  it  suffers  and  which  it  produces,  will 
then  be  changed  only  in  their  magnitudes  and  periods,  but  will 
retain  the  same  general  character.  JBut  the  supposed  satellite  now 
having  the  same  motion  precisely  as  the  surface  of  the  earth  close 
to  which  it  is  placed,  may  be  imagined  to  adhere  to  that  surface,  so 
as  to  form,  in  fact,  a  part  of  the  earth,  without  in  any  way  deranging 
the  conclusions  which  have  been  deduced  above. 

3275.  Like  effecU  would  he  produced  6y  any  number  of  such 
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satelltteSy  or  what  would  he  equivalent,  hy  t7^  spheroidal  form,  — 
But  the  same  observations  would  be  equally  applicable  to  aoy  num- 
ber of  satellites  similarly  placed  and  similarly  moving,  which  might, 
therefore,  be  imagined  to  be  successively  attached  to  the  surface  of 
the  globe  at  and  near  the  equator,  until  such  a  protuberance  would 
be  formed  upon  it,  as  would  in  effect  convert  it  into  the  form  of  an 
oblate  spheroid,  such  as  the  form  of  the  earth  is  known  to  be. 

It  is,  however,  to  be  further  considered,  that  the  effects  of  the 
disturbing  forces  which  thus  act  upon  this  protuberant  matter,  are 
necessarily  modified  by  the  inertia  of  the  spherical  mass  within  it, 
to  which  it  is  imagined  to  be  attached.  The  protuberant  mass 
which  alone  is  acted  on  by  the  disturbing  forces,  cannot  obey  any 
action  of  these  forces,  without  dragging  with  it  this  vast  spherical 
mass  to  which  it  is  united.  The  motions  and  changes  of  motion, 
therefore,  which  it  receives,  will  be  rendered  slower  in  proportion  to 
the  mass  with  which  such  motions  must  be  shared. 

These  observations  are  obviously  applicable  equally  to  any  of  the 
other  planets,  which  being  attended  by  satellites  have  the  spheroidal 
form.  This,  as  has  been  already  explained,  is  the  case  with  Jupiter 
and  Saturn,  and  would  probably  be  found  to  prevail  equally  in  the 
cases  of  the  other  major  planets. 

3276.  Precession  of  the  equinoxes,  —  Since,  therefore,  we  may 
consider  the  spheroidal  protuberance  around  the  terrestrial  equator 
as  a  satellite  attached  to  the  earth,  it  will  follow  that  the  general 
effect  of  the  sun's  disturbing  force  acting  upon  it,  will  be  to  impart 
to  its  nodes,  that  is,  to  the  equinoctial  points,  a  retrograde  motion, 
will  be  much  slower  than  that  which  they  would  receive  from  the 
same  cause,  if  this  protuberant  matter  were  not  compelled  to  carry 
with  it  the  mass  of  the  earth  contained  within  it. 

The  moon  exercises  a  like  disturbing  force  which  produces  a  like 
regression  of  the  nodes  of  the  equator  on  the  moon's  orbit;  and 
that  orbit  being  inclined  at  a  small  angle  to  the  ecliptic,  this  is 
attended  with  a  like  regression  of  the  equinoctial  points. 

The  mean  annual  regression  of  the  equinoctial  points  upon  the 
plane  of  the  ecliptic  arising  from  these  causes,  is  50-^^ 

3277.  The  sun  returns  to  the  equinoctial  point  before  completing 
its  revolution,  —  Since  the  equinoctial  points  thus  move  backwards 
on  the  ecliptic,  it  follows  that  the  sun,  after  it  has  in  its  annual 
course  passed  round  the  ecliptic,  will  arrive  at  either  equinoctial 
point  before  it  has  made  a  complete  revolution.  The  equinoctial 
point  being  50*1"  behind  the  position  it  had  when  the  sun  started 
from  it,  the  sun  will  return  to  it  after  having  moved  through  50 -l" 
less  than  a  complete  revolution.  But  since  the  mean  hourly  appa- 
rent motion  of  the  sun  is  147  8"  (2458),  it  follows  that  the  centra 
of  the  sun  will  return  to  its  equinoctial  point. 
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In.  Mfai.      M& 

.  =  0-33898=20    20-3, 


147-8"  ■ 

before  completing  its  revolution. 

3278.  Equinoctial  and  sidereal  year.  —  Henoe  is  explained  the 
fact,  which  appears  in  (2984),  Table  II.,  that  while  the  sidereal 
year,  or  actual  revolution  of  the  earth  round  the  sun,  is 

days  daja    hn.  Bin.      bm. 

365*25637 » 865    6    9    10-38, 

the  equinoctial  revolution,  or  the  time  between  two  smcceesiTe  equi- 
noxes of  the  same  name,  is 

daji  d«iji    hn.    Bin.      mcu 

265-242255  =>  365    5    48    50-4, 

the  latter  being  less  than  the  former  by  20*- 20^. 

The  successive  returns  of  the  sun  to  the  same  equinoctial  point 
must,  therefore,  always  precede  its  return  to  the  same  point  of  the 
ecliptic,  by  20"-  20*  of  time,  and  by  50-1"  of  space. 

3279.  Period  of  precesnon, — ^To  determine  the  period  in  which 
the  equinoctial  points  moving  backwards  constantly  at  this  mean 
rate  would  make  a  complete  revolution  of  the  ecliptic,  it  is  only 
necessary  to  find  how  often  50-1"  must  be  repeated  to  make  up 
360^,  or,  what  is  the  same,  to  divide  the  number  of  seconds  in  860^ 
by  50-1.    This  gives 

1,296,000      ^-_ 
e»  .. —  =  25868  years. 

3280.  Ii$  effect  upon  the  longitude  of  celestial  o^Vcte.— Although 
this  motion,  slow  as  it  is,  is  easily  detected  from  year  to  year  by 
modem  instruments,  it  was  not  until  the  sixteenth  century  that  its 
precise  rate  was  ascertained.  Small  as  is  its  annual  amount,  its 
accumulation,  continued  from  year  to  year  for  a  long  period  of  time, 
causes  a  great  displacement  of  all  the  objects  in  the  heavens,  in  re- 
lation to  the  equinoctial  points  from  which  longitudes  and  right 
ascensions  are  measured.  In  71*6  years,  the  equinoxes  retrograde 
1^,  and  therefore,  in  that  time,  the  longitudes  of  all  celestial  objects 
of  fixed  position,  such  as  the  stars,  have  their  longitudes  augmented 
1^.  Since  the  formation  of  the  earliest  catalogues  in  which  the 
positions  of  the  fixed  stars  were  registered,  the  retrogression  of  the 
equinoctial  points  has  amounted  to  80^,  so  that  the  present  longi- 
tudes of  all  the  objects  consigned  to  these  catalogues,  is  30°  greater 
than  those  which  are  there  assigned  to  them. 

3281.  Precession  of  equinoxes  produces  a  rotation  of  the  pole  of 
the  equator  round  that  of  the  ecliptic.  —  If  two  diameters  of  the 
celestial  sphere  be  imagined  to  be  drawn,  one  porpendicuUr  to  the 
plane  of  the  equator  and  the  other  to  that  of  the  ecliptic,  the  angle 
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iDoIuded  between  them  will  obviously  be  eqtial  to  the  angle  under 
the  equator  and  ecliptic ;  and  since  the  extremities  of  these  diame- 
ters are  the  poles  of  the  equator  and  ecliptic,  it  follows  that  the  aro 
of  the  heavens  included  between  these  poles  is  equal  to  the  obliquity 
of  the  ecliptic. 

But  since  a  plane  passing  through  these  diameters  is  at  right 
angles  both  to  the  equator  and  ecliptic,  the  line  of  equinoxes  or  the 
intersection  of  the  planes  of  the  equator  and  ecliptic,  will  be  at  right 
angles  to  that  plane.  If,  therefore,  the  equinoctial  points  revolve 
round  the  ecliptic  in  a  retrograde  direction,  it  follows  that  the  plane 
passing  through  the  diameters  above  mentioned,  and  through  the 
poles  of  the  two  circles  to  which  the  line  joining  these  points  is  at 
right  angles,  will  revolve  with  a  like  motion,  round  that  diameter 
of  the  sphere  which  is  at  right  angles  to  the  plane  of  the  ecliptic, 
and  which  therefore  terminates  in  its  poles.  But  since  the  pole  of 
the  celestial  equator  is  upon  this  circle  at  a  distance  from  the  pole 
of  the  ecliptic  equal  to  the  obliquity  of  the  ecliptic,  it  follows  that 
the  pole  of  the  equator  will  be  carried  round  the  pole  of  the  ecliptic^ 
in  a  lesser  circle  parallel  to  the  plane  of  the  ecliptic,  with  a  retn^ 
grade  motion  exactly  equal  to  that  of  the  equinoctial  points. 

3282.  Distance  of  pole  of  equcUor  from  pole  of  ecliptic  varies 
foilh  the  obliquity. — ^And  since  the  distance  of  the  pole  of  the  equa- 
tor from  that  of  the  ecliptic  must  always  be  exactly  equal  to  the 
obliquity  of  the  ecliptic,  it  follows  that  every  change  which  may 
take  place  from  whatever  cause,  in  the  position  of  the  plane  of  the 
equator,  whether  the  change  affect  the  angle  at  which  it  is  inclined 
to  the  ecliptic,  or  the  position  of  the  equinoctial  points,  must  be 
attended  with  a  corresponding  change,  either  in  the  apparent  dis- 
tance of  the  pole  of  the  equator  from  that  of  the  ecliptic,  or  in  the 
rate  or  direction  of  the  motion  of  the  latter  round  the  former. 

3283.  Fole  itar  varies  from  age  to  age. — As  the  pole  of  the 
equator  is  carried  with  this  slow  motion  round  the  pole  of  the 
ecliptic,  its  position  for  all  popular,  and  even  for  some  scientific, 
purposes  is  usually  indicated  by  the  nearest  conspicuous  star,  for  it 
rarely  happens  that  any  such  star  is  found  to  coincide  with  its  exact 
place.  Such  star  is  the  pole  star,  for  the  time  being;  and  it  is 
clear  from  this  motion  of  the  pole,  that  the  polo  star  must  necessarily 
change  from  age  to  age. 

The  present  polar  star  is  a  star  of  the  second  magnitude  in  the 
constellation  called  the  '<  Lesser  Bear,"  and  its  present  distance 
from  the  exact  position  of  the  pole  is  1^  24'. 

The  motion  of  the  pole  as  above  described,  however,  b  such  that 
this  distance  is  gradually  diminishing,  and  will  continue  to  diminish 
until  it  is  reduced  to  about  half  a  degree ;  after  which  it  will  in- 
creasci  and  after  the  lapse  of  a  long  period  of  time,  the  pole  will 
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depart  from  this  star,  and  it  will  cease  to  bear  the  name,  or  sem 
the  purposes,  of  a  pole  star. 

3284.  Former  and  future  pole  stars.  —  If  npon  any  star- map  a 
circle  be  traced  round  the  pole  of  the  ecliptic  at  a  distance  ^m  it 
of  23-5°,  such  circle  will  pass  through  all  positions  which  the  pole 
of  the  equator  will  have  in  time  to  come,  or  has  had  in  time  past ; 
and  it  will  then  be  easily  seen  which  are  the  conspicuons  stars  in 
whose  neighbourhood  it  will  pass  in  after  ages,  and  near  which  it 
has  passed  in  past  ages,  and  which  will  become  in  future,  or  have 
been  in  past  times,  the  pole  star  of  the  age. 

In  12,000  years  from  the  present  time,  for  example,  it  will  be 
found  that  the  pole  will  pass  within  a  few  degrees  of  the  star  of  the 
first  magnitude  in  the  constellation  of  "  Lyra,"  called  a  Lyree, 

In  tracing  back  in  the  same  manner  the  posidon  of  the  pole 
among  the  stars,  it  is  found  that  at  an  epoch  3970,  or  nearly  4000 
years,  before  the  present  time,  the  pole  was  55°  15'  behind  its 
present  position  in  longitude;  and  at  this  time  the  nearest  bright 
star  to  it  was  the  star  y,  in  the  constellation  of  "Draco."  The 
distance  of  this  star,  at  that  time,  from  the  pole  must  have  been 
3°  44'  25". 

3285.  Remarkahle  circumstance  connected  with  the  pyramids. — 
In  the  researches  which  have  been  made  in  Egypt,  a  somewhat  re- 
markable circumstance  has  been  discovered,  having  relation  to  this 
subject. 

Of  the  nine  pyramids  which  still  remain  standing  at  Grhizeh,  six 
have  openings  presented  to  the  north,  leading  to  straight  passages 
which  descend  at  an  inclination  varying  from  26°  to  27°,  the  axes 
of  the  passages  being  in  all  cases  in  the  plane  of  the  meridian  of  the 
pyramid.  Two  pyramids,  still  standing  at  Abousseir,  have  similar 
openings  leading  to  passages  having  similar  directions. 

Now,  if  we  imagine  an  observer  stationed  at  the  bottom  of  any 
of  these  passages,  and  looking  out  along  its  axis  as  he  would  look 
through  the  tube  of  a  telescope,  his  view  will  be  directed  to  a  point 
npon  the  northern  meridian  of  the  place  of  the  pyramid  at  an  alti- 
tude of  between  26°  and  27°,  corresponding  with  the  slope  of  the 
passage.  This  is  precisely  the  altitude  at  which  the  star  y  Draconis 
must  have  passed  the  meridian  below  the  pole,  at  the  date  of  3970 
years  before  the  present  time,  allowing  for  the  difference  of  position 
of  the  pole  according  to  the  principle  aflecting  the  precession  of  the 
equinoxes  explained  above.  Now,  the  date  of  the  construction  of 
the  pyramids  corresponds  almost  exactly  with  this  epoch ;  and  it 
cannot  be  doubted,  that  the  peculiar  direction  given  to  these  passages 
must  have  had  reference  to  the  position  of  y  Draconis,  the  pole  star 
of  that  age. 

3286.  Nutation.  —  The  regression,  described  above,  of  the  equi- 
noctial points  upon  the  ecliptic,  must  be  understood  as  their  mean 
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cbange  of  place  prodvced  by  the  distiiHlMtig  iNfeei  cf  Ae  ftt  aaf 
moon  upon  tlie  protuberant  matter  of  the  eqvator  itt  lesg  periedli 
of  time.  But  this  regreflrion  is  not  ptx)dttce4  at  %  waStant  mis. 
The  distubmg  forces  vaiy  ia  tfa^  ael^  aeoordiag  le  the  gmmti 
principles  already  explained,  with  the  angles  fanned  bj  liMi  dcavn 
from  the  snn  and  moon  to  tlie  centre  oi  me  earth  irith  the  plaiie  of 
the  eqnatiNr.  So  fkr  as  relates  to  the  son,  this  Tuiatioa  ia  lAs  eAet 
goes  thron|^  aH  its  changes  within  a  vear.  In  the  ease  of  the 
moon,  it  wnl  obTionsly  rary  from  motith  to  month  and  from  yesr 
to  year,  widi  the  change  of  position  of  the  moon's  nodes;  and  sb 
these  nodes  have  a  regresnye  motion  making  a  complete  rerolntiofi 
in  about  nineteen  years,  the  variation  of  the  elieet  of  the  moon^ 
disturbing  force  will  pass  through  all  its  changes  within  tiiat  peiiol. 
The  regressive  motion  imparted  to  the  equinoctial  points,  and  akb 
to  the  pole  of  the  equator  in  moving  round  the  pole  of  the  edipiii, 
as  already  described,  by  the  sun  and  moon,  is  therefoie  subject  tp 
an  alternate  increase  and  decrease,  whose  period  is  a  year  for  tbe 
snn,  and  nineteen  years  for  the  moon. 

But  these  are  not  the  only  effects  produced  apon  the  position  ef 
the  pole  of  the  equator  by  the  distwbing  actina  ef  <he  mom  tlfl 
eon.  Aoeording  to  what  has  been  explained  in  general  of  the  effects 
of  the  ortheigow  ooa|xment  of  the  dutarbiag  force,  it  win  be  easily 
understood  that  the  protubemnt  matter  of  the  equator  beii^  re- 
garded as  a  eatellite  disturbed  by  the  sun  and  moottt  the  inclination 
of  the  i4aiEie  of  the  equator  to  the  edipiio  will  be  snbjeot  to  a  variap 
tion  nroeeediag  ft^m  the  ^tisturbiug  force  of  the  sun,  whose  period 
will  be  a  year;  and  ilB  inclination  to  the  plane  ^  the  moon's  orbit 
will  be  subject  to  a  like  variation^  whose  period  is  about  nineteen 
jeaiB.  These  changes  of  die  inclination  of  the  plane  of  the  equator 
to  that  ef  the  eclip&  and  the  moon's  orbit  will  be  attended  with  a 
eorrespoadiof  motion  of  the  polo  of  the  equator  to  and  from  the  pole 
ef  the  ecliptic. 

This  akemate  approach  and  recess  of  the  pole  tvf  the  equator  to 
and  from  the  pole  of  the  ecliptic,  combined  with  the  alternate 
increase  and  decrease  of  ils  regressive  motion,  is  called  the  Nutation; 
that  part  of  it  due  to  the  sun  being  called  the  soAzr  nutation;  and 
that  due  to  the  moon,  the  lunar  mUatian. 

The  solar  nutation  is  an  inequality  of  so  small  amount  as  alto- 
gether to  escape  observation,  and  therefore  must  be  looked  upon  to 
have  a  merely  theoretical  ezistenee. 

It  is  otherwise,  however,  with  the  lunar  nutation.  By  die 
alternate  increase  and  decrease  of  the  regressive  motion  of  the  pole, 
combined  with  its  ahomale  appioach  and  reoess  to  and  from  the 
pole  of  the  ecliptic,  the  pole  is  moved  in  such  a  manner  that,  if  it 
were  affected  only  by  the  disturbing  force  of  the  moot^  it  would 
describe  an  ellipse  such  as  abot>,  Jig.  S64;  the  major  axis  of 
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which  would  be  in  the  direction  A  K  of  the 
pole  of  the  ecliptic,  and  would  measure  18*5", 
while  the  mioor  axis  would  be  at  right  angles 
to  this  direction,  and  would  measure  13.74". 
But  while  the  pole  of  the  equator  deacn'bei 
this  ellipse  compledDg  its  rsYolution  in  nine- 
teen years,  it  is  carried  by  the  common 
motion  of  precession,  in  a  retrograde  direc- 
tion, as  already  described,  at  the  rate  of 
50*1"  in  each  year,  and  will,  therefore,  in 
nineteen  years  be  carried  through  15*5'  in  its 
motion  round  the  pole  of  the  equator.  Now, 
by  combininff  this  motion  with  the  elliptie 
motion  already  described,  it  will  be  easily 
seen  that  the  pole  of  the  equator  would,  in 
leyolTing  round  the  pole  of  the  eeliptio,  al- 
ternately approaching  to  it  and  receding  from 
it  through  9*25",  describe  an  undulating  line 
such  as  is  represented  in  fig,  865,  where  p 
represents  the  pole  of  the  ecHptio. 
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3287.  EquaJtxon,  of  the  equxnoocet,  —  Since 
the  regression  of  the  equinoxes  does  not  take 
place  at  a  uniform  rate,  but  is  subject  to  variations,  alternately 
increasing  and  decreasing  during  every  nineteen  years,  its  true  place 
will  differ  from  its  mean  place.  If  we  conceive  an  imaginary  equi- 
noctial point  moving  ba(S[ward,  with 
a  uniform  motion  at  the  rate  of 
50°  V*y  the  phice  of  such  pdnt 
would  be  the  mean  place  of  the 
equinoctial  point.  The  true  place 
would  vary  from  this,  preceding  it 
when  the  disturbing  force  augmente 
the  rate  at  which  the  equinoctial 
point  moves,  and  falling  behind  it 
when  it  decreases  that  rate. 

The  distance  between  the  true 
and  imaginary  equinoctial  points  is 
called  the  equation  of  the  equinoxes. 
The  mean  place  of  the  equinox 
for  any  proposed  time  is  given  by 
tables;  and  the  equation  of  the 
equinoxes  for  the  proposed  time  gives  the  quantity  to  be  added 
to,  or  subtracted  from,  the  mean  pl^e,  to  find  the  true  place. 

3288.  Proportion  of  the  mean  precesnan  due  to  the  ditturbimg 
forces  of  the  moon  and  sun.  —  If  the  entire  amount  of  the 
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preoession  in  ft  giyen  time  be  expressed  by  7,  the  part  doe  to  tbe 
moon  will  be  5,  and  that  due  to  the  sun  will  be  2. 

3289.  Like  effects  produced  in  the  case  of  other  plajiets.  —  These 
disturbing  effects  produced  upon  the  plane  of  the  planet's  equator, 
are  not  confined  to  the  case  of  the  earth.  All  the  planets  which  have 
the  spheroidal  form,  are  subject  to  similar  effects  from  the  sun's 
attraction  on  their  equatorial  protuberance,  the  magnitude  of  these 
effects  being,  however,  less  as  the  distance  from  the  sun  is  increased. 
In  the  case  of  the  major  planets,  the  sun's  disturbing  action  on  tho 
planet's  equator,  proceeding  from  this  cause,  will  be  altogether 
insensible. 

The  disturbing  forces  of  the  satellites  exerted  upon  the  plane  of 
the  equator,  in  the  cases  of  the  major  planets,  however,  must  be 
considerable  in  magnitude,  especially  so  far  as  relates  to  the  inner 
satellites,  and  very  complicated  in  its  character,  the  precession  and 
nutation  of  each  of  the  satellites  separately  being  combined  in 
affecting  the  actual  position  of  the  pole  of  the  planet. 

Since,  however,  these  phenomena  are  necessarily  local,  and  mani- 
fested only  to  observers  on  the  planet,  they  offer  merely  speculative 
interest  to  the  terrestrial  astronomer. 

8290.  Effects  of  spheroidal  perturbation  on  the  motions  of  the 
moon  generaUy  minute,  —  The  protuberant  matter  of  the  terrestrial 
spheroid  disturbs  the  lunar  orbit,  in  the  same  manner  as  would  a 
satellite  placed  at  the  surface  of  the  earth  and  in  the  plane  of  the 
equator.  From  what  has  been  explained  of  the  general  effects  when 
the  disturbing  body  is  within  the  disturbed  orbit,  it  will  follow  that 
the  terrestrial  spheroid  must  impart  a  progressive  motion  to  the 
moon's  apsides,  and  a  regressive  motion  to  the  nodes.  These  in- 
equalities have,  however,  a  the(»«tical  existence  only,  being  so 
minute,  compared  with  the  progression  of  the  apsides  and  regression 
of  the  nodes  due  to  the  disturbing  force  of  the  sun,  that  they  do  not 
produce  any  observable  change  in  these  motions. 

3291.  Spheroidal  inequality  of  the  inclination  of  the  moon*s 
orbit  observable.  —  A  case,  however,  exists,  in  which  the  disturbing 
force  of  the  terrestrial  sphefoid  does  produce  sensible  effects  on  the 
lanar  orbit. 

It  has  been  already  shown,  that  the  moon's  nodes  move  round 
the  ecliptic  with  a  retrograde  motion,  in  about  nineteen  years. 
Twice  in  this  period  they  must,  therefore,  coincide  with  the  equi- 
noctial points ;  and  when  they  do  so,  the  line  of  nodes  must  coincide 
with  the  inclination  of  the  planes  of  the  equator  and  ecliptic.  In 
one  of  the  two  positions  which  they  thus  assume,  the  plane  of  the 
moon's  orbit  must  lie  between  the  planes  of  the  ecliptic  and  equator 
as  represented  in  fg,  866,  where  ACDCf  a'  represents  the  pquator, 
acd</a'  the  ecliptic,  and  AdDd^A'  the  moon's  orbit.  In  the 
other  position  the  moon's  orbit  will  make  a  greater  angle  with  the 
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eqoator  Ibaa  tbe  Mliptio  4oai^  md  wQl  &  abate  the 

represented  at  A  &  p&'  a'. 


Fig.  880. 

NoWy  if  DO  distQrbing  foroe  acted  upon  tha  jdaie  of  IIm 
orbity  its  obliquity  to  the  plane  of  the  ediptio  wo«ld  ranaia  inva- 
riable; and,  therefore,  in  both  positiona  here  repraBeotad,  ibm  an^ea 
it  would  make  with  the  ecliptic  would  be  the  aamey  that  la  to  aay, 
6^  8'  48"y  which  ia  the  mean  inclination  of  the  moon'a  orbik 

But,  if  it  be  admitted  that  the  spheroidal  protabenMsee  of  the 
earth  acts,  as  it  has  been  shown  to  do^  as  a  satellite  would  aitnata 
in  the  plane  of  the  equator,  this  attraction  would  likewiaa  tend  to 
draw  the  moon  towards  that  plane,  and  it  would  act  mora  eaamti- 
callj  when  the  plane  of  the  moon's  orbit  makes  » leas>  thaa  when 
it  makes  a  greater,  angle  with  the  equator.  Thus  the  apkaioidal 
perturbations  of  the  eurth  will  act  more  energelicallj  in  distartiBc 
the  plane  of  the  moon's  orbit,  when  it  has  the  position  Ad^d  a, 
than  when  it  has  the  position  a  (  d  ^  a'.     The  oonseouenee  would 

irould  no 


be  thsyt  the  angle  formed  bj  Ai>d  with  acd  would  no  aonaewhal 
greater  than  the  angle  formed  by  a  bj>  with  a  cD. 

Another  consequence,  of  still  mater  practical  hnportanoa  in  pro- 
ducinj;  an  inequality,  which  womd  be  still  mora  easily  obaer?aUeb 
will  follow  from  this.  The  greater  eneigy  of  the  disturbing  foros 
when  the  moon's  orbit  has  the  position  Ac^p  than  whan  it  haa  the 
position  A  5  D,  will  impart  to  the  moon  a  more  rapid  angular  motioD 
when  it  passes  through  the  point  of  the  orbit  represented  by  a  c^n. 
than  when  it  passes  through  that  point  of  the  orbit  indicated  by 
A  &  D ;  that  is  to  say,  the  apparent  motion  of  the  moon  will  be  mon 
lapid  than  its  mean  motion,  when  the  orbit  haa  the  former  poaitaoD, 
and  less  rapid  when  the  orbit  has  the  latter  position*  Now,  a  amali 
Tariation  of  the  moon's  i^parent  motion  is  more  easily  obaerred 
than  a  small  variation  of  the  inclination  of  its  orbit  in  the  edipticL 

These  effects  of  the  disturbing  foroe  of  the  sphenndal  protaberaMt 
of  the  earth  have  accordingly  been  obserred. 

It  has  been  found  that  the  augle  formed  by  A<f]>  with  Acnis 
greater,  aod  the  angle  formed  by  a&d  with  A  en  leas,  than  the 
mean  inclination  of  the  moon's  orbit  to  the  ecliptic;  and  while  the 
moon's  orbit  has  the  position  a  dp  its  apparent  motion  ia  greater, 
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and  while  it  has  the  apperent  poniion  a5d  its  apparent  motion  is 
less,  than  its  mean  motion.  This  difference  is  foand  to  produce  a 
variation  of  the  moon's  place  in  its  orbit  or  of  its  longitade  amounting 
to  8",  by  which  it  gets  in  advance  of  its  mean  place  when  the  orbit 
has  Uie  position  Adxiy  and  lags  behind  it  when  the  orbit  has  the 
position  A  6  D. 

Since  the  interval  between  the  epochs  at  which  the  moon's  orbit 
has  the  two  positions  indicated  in  the  fignre,  is  one  half  the  period 
of  the  regression  of  the  nodes,  that  is  about  nine  years  and  a  half, 
it  follows  that  the  moon's  inclination  to  the  ecliptic  gradually  in- 
ereases  during  that  interval  of  nine  years  and  a  half,  mm  its  posi- 
tion ac2d  to  its  position  A  &D,  and  that,  during  the  next  nine  years 
and  a  half,  it  gradually  decreases  from  its  position  A  6  D  to  its  posi- 
tion Ad  d;  therefore,  it  follows  that  the  moon's  angular  motion  is 
oontinuaily  greater  than  its  mean  value  during  nine  years  and  a 
half,  and  continually  less  during  th^  next  nine  years  and  a  half. 

Now,  this  inequality  in  its  exact  quantity  depends  altogether  upon 
the  oblateness  of  the  terrestrial  spheroid,  or,  what  is  the  same,  on 
the  ratio  of  the  equinoctial,  to  the  polar  diameter  of  the  earth.  If 
this  ratio  were  greater  than  801  to  800,  its  actual  yalue,  the  ine- 
quality of  the  moon's  motion  consequent  upon  it  would  be  greater, 
and  aoooidingly  its  apparent  place  would  be  more  than  8''  in  ulvance 
of  the  true  place  in  ^e  one  interval  of  nine  years  and  a  half,  and 
less  so  in  the  succeeding  nine  years  and  a  half;  and,  on  the  con- 
trary, if  the  ratio  of  the  equatorial  to  the  polar  diameter  were  less 
than  801  to  800,  the  variation  of  the  moon's  apparent  motion  would 
be  less  than  8'^  Thus  it  appears,  that  this  minute  inequality  of 
the  moon's  motion,  developed  in  the  protracted  periods  of  nineteen 
years,  supplies  a  measure  of  the  spheroidal  form  of  the  earth,  the 
result  of  which  completely  verifies  the  other  methods  already  ex- 
plained, of  determining  the  ellipticity  of  the  terrestrial  spheroid. 

8292.  Spheroidal  inequaittiet  of  the  Jovian  iystem,  —  The  ob- 
lateness of  Jnpiter,  still  greater  than  that  of  the  earth,  produces 
inequalities  of  the  motion  of  the  satellites,  similar  to  those  produced 
by  the  spheroidal  protuberance  of  the  earth  upon  the  moon,  but 
greater  in  degree  and  more  rapid  in  their  development,  in  proportion 
to  the  greater  ellipticity  of  the  planet  and  the  greater  proportional 
proximity  of  the  satellites.  Thus,  a  progressive  motion  is  imparted 
to  the  apsides,  and  a  regressive  motion  to  the  nodes  of  each  of  the 
satellites ;  and  these  motions  are  so  much  the  more  considerable  the 
nearer  the  satellite  is  to  the  planet.  The  effect  of  this  spheroidal 
perturbation  on  the  inner  satellites  is  so  predominant,  that  the  mo- 
tion of  these  satellites  is  nearly  the  same  as  it  would  be  if  no  other 
disturbing  force  whatever  affected  them. 

It  will  be  obvious  that  a  very  complicated  system  of  inequalities 
most  thus  be  produced  upon  the  satellites  of  Jupitor^  inasmuch  aa 
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dM  dMiirbiag  tfeol  of  tbe  ralwiddal  pfotabwum  rf  the  fbMt 
upon  Um  denenli  of  Moh  of  the  orbiliy  k  DecMnrily  ouzed  «p 
widi  Um  disinrbiu  «Se«to  of  U10  ntellifeM  upon  Moh  oiher. 

829S.  Sphefoiaal  tumioltMw  ^  M«  iSbtemitm  lyifent. — Tho 
diftarbing  nreea  prodnood  bj  the  qihoroidal  form  of  fibtam,  an  m 
■11  raipeots  aimilftr  to  those  deyebped  in  the  Jovian  lystea.  Ue 
eftct  ef  the  ring  is  neariy  Aa  wme  ae  if  the  oUateDeas  «f  the 
phuMt  weie  aiigaieated,-*-iridi  thia  difiranee,  hofwtmr,  ^al  the 
line,  not  bcJBg  attaobed  to  the  fhffleti  ia  not  olegged  with  the  iMrtia 
cf  a  great  spherioal  maaa  within  it,  hanging  wpen  ity  aa  ia  the  ease 
with  the  apheioidal  ptotnberanoe  of  tiie  plaaet 

In  eonseqoenoe  fi  thiSi  the  combined  eftota  of  the  ring  aad  the 
q>heroidal  protuberanoe  of  the  pknet^  ia  to  impart  a  ymry  rapid 
piogreesiye  motion  to  the  apudea,  and  a  regieasiTe  molioB  lo  the 
nodes  of  the  orbits  of  the  several  satellites.  These  offsets  most  be 
obviooslv  greater  on  the  inner,  than  on  the  more  remote  aaleUitea. 

The  theory  of  the  pertnrbationa  of  this  sjstem  b  rendered  Teij 
simploi  owing  to  the  isct|  thai  the  snn,  in  oonseqnenoe  of  its  in- 
noteneis  and  of  the  small  visual  angle  whioh  the  whole  ayslsa 
subtends  at  it^  oan  prodnoe  no  sensible  pertorbataon.  The  aateliitss 
have,  however,  been  so  imperfeetly  observed  that  no  data  haws  been 
obtained^  by  wUeh  the  lesolta  of  the  theoretioal  reseoning  sMpeet- 
ing  the  spheroidal  pertnrbationa  can  be  verified  with  regud  to  any 
of  the  satellites,  eteept  Ae  sixth.  ThiS|  hae,  however,  been  anb- 
mitted  to  an  ebborate  series  of  observationB  by  Pkefsasor  Piasul, 
who  has  ascertained  tbe  rate  of  progression  of  its  lysidsa,  and  tke 
figieaeion  of  ita  nodes. 

iBy  galonlating  what  the  progression  and  regrsssion  wenld  be, 
whioh  wonld  arise  fraq  a  given  mass  aasigned  to  the  ring,  and  eoas- 
paring  the  reanhs  of  fooh  oaleulatini  with  the  aotaal  progreasien  of 
the  apsides  and  regiesiioii  of  the  nodes,  he  found  that  the  aetoal 
ineqnaUties  are  snob  aa  would  be  produoed>  if  the  mass  of  the  ring 
amounted  to  the  118tb  part  of  the  entire  mass  of  the  fdane*.  In 
this  approximative  oaloulation^  however,  the  whole  inequality  inci- 
dent to  the  nodes  and  apsides  of  the  sixfch  satellite,  is  aserihad  to 
the  disturbing  fiwee  of  the  ring.  It  ia  eridenty  therefore,  that  the 
value  of  the  mass  of  the  ri^g,  than  obtained,  muat  be  mora  than  its 
true  value. 

It  appears,  therefbie,  that  while  the  entire  mass  of  thia  annular 
appends^,  stupendous  as  it  is,  is  less  than  the  118th  part  of  the 
nuuBs  of  the  phnet,  the  maas  of  the  moon  amounta  to  ao  ranek  as 
the  80th  part  of  the  mass  of  the  earth.  It  fbllowa,  theiefim,  thst 
rektively  the  entire  mass  of  Satom's  ring  is  leas  dian  that  of  the 
moou;  in  tbe  proportion  of  2  to  8. 
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CHAP.  XXV. 

THX  nZXK>  STAES^-^nLIiAA  fAJLASJ^X  AND  PISTAHOB. 

8294*  C^valKm  noi  ctn^MucriSe^  iy  ^  ^^t***  lyif em.  The  n» 
^  yn  ^  spaoQ,  Tast  as  it  ia,  whioli  is  oceapied  bj  iha  Bokr  sjsteni, 
xmiifl  but  a  small  portion  of  tbat  pait  of  tho  material  omTeraa  to 
wbioh  soicBtifio  inquiry  and  rosoaioh  havo  been  extended.  The 
inqniaitiTe  Bpirit  of  man  bas  not  reeted  content  witbin  tncb  limits. 
Taking  its  staiod  at  tbe  extremities  of  tiie  systemy  and  tbrowing  its 
nearcbmg  glanoe  toward  tbe  interminable  realms  of  ipace  wbiob  ex- 
tend beyond  them,  it  still  asks — ^Wbat  lies  tbere?  Has  tbe  Infinite 
ciroomsoribed  tbe  exercise  of  bis  oreative  power  witbin  these  pre- 
oincts— -and  has  He  left  tbe  un&tbomabie  depths  of  spaee  th&t 
stratob  beyond  them,  a  wide  solitnde  f  Has  He  whose  dwelling  is 
immensityi  and  whose  presenoe  is  eyervwbeie  and  etomal,  remained 
inactive  throogboat  regions  compared  with  wbiob  the  aobir  system 
shrinks  into  a  point  ? 

Even  though  scientific  research  shtwld  have  left  ns  without  deft- 
nite  information  on  these  qnestionsy  the  light  whieh  has  beoi  sbel 
«n  tbe  Divine  obaracteri  as  well  by  reason  as  by  rsrebition,  would 
Lftve  filled  ns  with  the  assaranoe  tbat  there  is  no  part  of  space,  boww 
ever  remote,  which  mnst  not  teem  with  evidences  of  exalted  power, 
inexhaustible  wisdom,  and  untiring  goodness. 

But  science  has  not  so  deserted  ns.  It  has,  on  the  contrarr, 
supplied  us  with  much  interesting  infarmation  re^)eoting  regions  dT 
the  universe,  the  extent  of  which  is  so  ^at  tbat  even  t^  whole 
dioMnsions  of  tbe  solar  system  supply  no  modulus  suiSiciently  great 
to  ensble  us  to  express  weir  magnitude. 

8295.  The  iolar  m/tiem  surrounded  by  a  vast  hut  limxtoi  void,-^ 
We  are  furnished  with  n  variety  of  evidence,  establishing  incontes- 
taUy  tbe  fact,  that  around  tbe  soUr  system,  to  a  vast  distuioe  on 
•very  side,  there  exists  an  unoooupied  space  \  that  the  solar  system 
stands  alone  in  the  midst  of  n  vast  solitude.  It  has  been  shown, 
that  the  mutual  gravitatioQ  of  bodies  placed  in  the  neighbourhood 
of  each  other,  is  betrayed  bv  its  effects  upon  their  motions.  If, 
(herefbre,  there  exist  beyond  tbe  limits  of  tbe  sokr  system,  and 
witbin  a  distance  not  so  great  as  to  render  the  attvaotion  of  gravitap 
tion  imperceptible,  any  mass  of  matter,  such  as  another  sun  Hke  our 
own,  such  a  msss  would  undoubtedly  exercise  a  disturbing  force 
upon  tbe  various  bodies  of  tbe  system.  It  would  cause  each  of 
them  to  move  in  a  manner  different  from  that  in  which  it  wncdd 
have  moved  if  no  such  body  existed. 

Thus  it  appears  that,  even  though  a  mass  of  matter  in  our 
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neighbourhood  should  escape  direct  observation,  its  presence  wcrold 
be  inevitably  betrayed  by  the  effects  which  its  gravitation  would 
produce  upon  the  planets.  No  such  effects,  however,  are  discover- 
able. The  planets  move  as  they  would  move  if  the  solar  bj^^ 
were  independent  of  any  external  disturbing  attraction.  These 
motions  are  such,  and  such  only,  as  can  be  accounted  for  by  the 
attraction  of  the  sun  and  the  reciprocal  attraction  of  the  other 
bodies  of  the  system.  The  inference  from  this  is,  that  there  does 
not  exist  any  mass  of  matter  in  the  neighbourhood  of  the  solar 
system  within  any  distance  which  permits  such  a  mass  to  exercise 
«pon  it  any  discoverable  disturbing  influence ;  and  that  if  any  body 
analogous  to  our  sun  exists  in  the  universe,  it  must  be  placed  at  a 
distance  so  great,  that  the  whole  magnitude  of  our  system  will 
shrink  into  a  point,  compared  with  it. 

8296.  The  stars  miut  be  placed  beyond  i3ie  mrroundtng  void.  — 
Absence  of  sensible  parallax. — Yet  when,  on  any  dear  nighty  we 
contemplate  the  firmament,  and  behold  the  countless  multitade  of 
objects  that  sparkle  upon  it,  remembering  what  a  comparatively 
small  number  are  comprised  among  those  of  the  solar  system,  and 
even  of  these  how  few  are  visible  at  any  one  time,  we  are  naturally 
impelled  to  the  inqui^.  Where  in  the  universe  are  these  vast  num- 
ben  of  objects  placed  r 

Very  littie  reflection  and  reasoning,  applied  to  the  consideratioii 
of  our  own  position  and  to  the  appearance  of  the  heavens,  wiU  con- 
▼ince  us  that  the  objects  that  chiefly  appear  on  tiie  firmament, 
must  be  at  almost  immeasureable  distances.  The  earth  in  its 
annual  course  round  the  sun  moves  in  a  circle,  the  diameter  of 
which  is  about  200  millions  of  miles.  We,  who  observe  the 
heavens,  are  transported  upon  it  round  that  yast  circle.  The  station 
from  which  we  observe  the  universe  at  one  period  of  the  year  is, 
then,  200  millions  of  miles  from  the  station  from  which  we  view  it 
at  another. 

Now  it  is  a  fact,  within  the  familiar  experience  of  eveiy  one,  that 
tiie  relative  position  of  objects  will  depend  upon  the  point  from 
which  they  are  viewed.  If  we  stand  upon  the  bank  of  a  river, 
along  the  margin  of  which  a  multitude  of  ships  are  stationed,  and 
view  the  masts  of  the  vessels,  they  will  have  among  each  other  a 
certain  relative  arrangement  If  we  change  our  position,  however, 
through  the  space  of  a  few  hundred  yards,  the  relative  position  of 
these  masts  will  not  be  the  same  as  before.  Two  which  before  lay 
in  line  will  now  be  seen  separate;  and  two  which  before  were  sepa- 
rated are  now  brought  into  line.  Two,  one  of  which  was  to  the 
right  of  the  other,  are  now  reversed;  that  which  was  to  the  right, 
is  at  the  left,  and  vice  versA;  nor  are  these  changes  produced  by 
any  change  of  position  of  the  ships  themselves,  for  they  are  moored 
In  stationary  positions.    The  changes  of  appearance  are  the  result 
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of  ovr  otofi  ckang%  cf  potiHcn;  a&d  Um  greater  that  ebange  of 
podtioD  18,  the  greater  will  be  the  relative  ehange  of  these  appear* 
imces.  Let  us  suppose,  however,  that  we  are  moved  to  a  jpuoh 
greater  distance  from  the  shipping ;  anv  ehaDge  in  oar  position  will 
produce  much  less  effect  upon  uie  relative  position  of  the  masts ; 
perhaps  it  will  require  a  very  oonsiderable  change  to  produce  a  per- 
ceivable effect  upon  them.  In  fiae^  in  proportion  as  our  distance 
from  the  majits  is  increased*  so  in  proportion  wiU  it  require  a  greater 
ehange  in  our  own  positim  to  produce  the  sama  apparent  diiuige  in 
their  position. 

Thua  it  IS  with  all  visiUe  objeota  When  a  multitude  of  station- 
ary objects  are  viewed  at  a  distance,  their  relative  position  wiU 
depend  upon  the  position  of  the  observer;  and  if  the  station  of  the 
observer  be  chan^,  a  ehange  in  the  relative  position  of  the  objecta 
must  be  expected;  and  if  no  perceptible  change  is  produced,  it 
must  be  inferred  that  the  distance  of  the  objects  is  incomparably 
greater  than  the  change  of  position  of  the  observer. 

Let  us  now  apply  these  reflections  to  the  ease  of  the  earth  and 
the  stars.  The  stars  are  analogous  to  the  masts  of  the  shipa,  and 
the  earth  is  the  station  on  which  the  observer  is  plaeed.  It  might 
liave  been  expected  that  the  magnitude  of  the  globe>  being  eight 
thousand  miles  in  diameter,  would  produce  a  change  of  position  of 
the  observer  sufficient  to  cause  a  change  in  the  reuitive  position  of 
the  stars,  but  we  And  that  such  is  not  the  ease.  The  stars,  viewed 
from  opposite  aides  of  the  globe,  present  exactly  the  same  appear- 
ance; we  must,  therefore,  infer  that  the  diameter  of  the  earth  ia 
absolutely  nothmg  compared  to  their  distance. 

But  the  astronomer  has  still  a  much  larger  modulus  to  faU  back 
upon.  He  reflects,  as  has  been  already  ob^rved,  that  he  is  enabled 
to  view  the  stars  from  two  stations  separated  from  each  other,  not 
\j  8000  miles,  the  diameter  of  the  earth,  but  by  200  millions  of 
miles,  that  of  the  earth's  orbit  He,  therefore,  views  the  heavena 
on  the  Ist  of  January,  and  views  them  again  on  the  1st  of  July, 
the  earth  having  in  the  meanwhile  passed  to  the  opposite  side  of  its 
orbit,  yet  he  finds,  to  his  amaaement,  that  the  aspect  is  the  same. 
He  thinks  that  this  cannot  be  —  that  so  great  a  change  of  position 
in  himself  cannot  fail  to  make  some  change  in  the  apparent  position 
of  the  stars ;  —  that,  although  their  general  aspect  is  the  same,  yet 
when  submitted  to  exact  examination  a  change  must  assuredly  be 
detected.  He  accordingly  resorts  to  the  use  of  instruments  of  ob* 
servation  capable  of  measuring  the  relative  portions  of  the  stars 
with  the  last  conceivable  precision,  and  he  is  more  ^han  ever  eon- 
founded  by  the  fact  that  still  no  discoverable  change  of  position  is 
found. 

For  a  long  period  of  time  this  result  seemed  inexplicable,  and 
accordingly  it  formed  the  greatest  difficulty  with  astronomers^  in 
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admitting  the  animal  motion  of  the  earth.  The  alternative  o&nd 
waa  this;  it  was  neoessary,  either  to  fall  hack  upon  the  PtolailBie 
gjatem,  in  which  the  earth  was  stationary,  or  to  suppose  thaf"  ' 
immense  change  of  position  of  the  earth  in  the  course  of  half  a  j 
could  produce  no  disooverahle  change  of  appearance  in  the  si 
^t  which  inTolves  the  inference  that  the  diameter  of  the  < 
orhit  most  be  a  mere  point  compared  with  the  distance  of  the  \ 
stars.  Such  an  idea  appeared  so  inadmissible  that  for  a  long  i 
of  time  many  preferred  to  embrace  the  Ptolemaic  hypothesis^  1 
as  it  was  with  difficulties  and  contradictions. 
'  Improved  means  of  instrumental  observation  and  micromatfad 
measurement,  united  with  the  seal  and  skill  of  obserrers,  ha:ve  at 
length  surmounted  these  difficulties;  and  the  parallax,  amaU 
indeed  but  still  capable  of  measurement,  of  several  stars  has  been 
ascertained. 

3290.  Annual  parallax,  —  Parallactic  dlipte,  —  To  render  these 
results  and  the  processes  by  which  they  have  been  attained  intel- 
ligible, we  must  resume  the  explanation  of  the  general  effects  of 
annual  parallax,  already  briefly  given  (2442). 

The  visual  ray  by  which  a  star  is  seen,  and  which  is  its  apparent 
direction,  is  carried  by  the  annual  motion  of  the  earth  round  the 
surface  of  a  cone,  of  which  the  earth's  orbit  (which  we  maj  here 
consider  as  a  circle)  is  the  base  and  of  which  the  star  is  the  apex. 
The  line  drawn  from  the  centre  of  the  earth's  orbit  to  the  starp 
which  is  its  true  or  heliocentric  direction,  is  the  axis  of  this  cone ; 
and  consequently,  the  parallax  of  the  star  is  the  angle  under  the 
latter  line,  and  the  visual  ray  by  the  motion  of  which  Uie  sor&oe  of 
the  cone  is  formed. 

The  same  optical  effect  would  be  produced  by  transfenring  the 
orbital  motion  of  the  earth  to  the  star,  the  observer  being  supposed 
to  be  stationary  and  placed  at  the  centre  of  the  earth's  orbit,  and 
this  supposition  will  render  all  the  parallactic  phenomena  much 
more  easily  comprehended.  Let  the  star,  then,  be  imagined  to 
move  in  a  circle  equal  and  parallel  to  the  earth's  orbit,  the  centre 
of  the  circle  being  the  true  place  of  the  star.  The  place  of  the  star 
in  this  circle  of  parallax  muBt  always  be  diametrically  opposite  to 
the  corresponding  place  of  the  earth  in  its  orbit.  The  star  so  moving 
would  suffer  exactly  the  same  apparent  displacement  as  it  would 
appear  to  suffer  if  it  were,  as  it  is,  at  rest  in  its  true  pUoe,  the  earth 
moving  in  its  proper  orbit  round  the  sun. 

Let  f^jfig,  867,  be  the  true  place  of  the  star,  and  let  aba' b'  be 
its  circle  of  parallax,  the  plane  of  which  is  parallel  to  that  of  the 
ecliptic,  and  the  radias  of  which  is  equal  to  that  of  the  earth's  orbit 
Let  B  b'  be  the  line  in  which  the  plane  of  this  circle  is  intersected 
by  a  plane  through  the  sun  and  star  perpendicular  to  the  ecliptic,  or 
what  is  the  same,  by  the  plane  of  the  circle  of  latitude  passing 
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ihroQgli  the  star;  and  let  A  a'  be  tbe  diameter 
of  the  circle  of  parallax  which  is  at  right  aogles 
to  that  plane.  When  the  longitude  of  the  sun 
18  the  same  as  that  of  the  star,  the  apparent 
place  of  the  star  will  be  at  b',  that  extremity  of 
the  diameter  B  b'  which  is  most  remote  from  the 
sun;  and  when  the  longitude  of  the  sun  ex- 
ceeds that  of  the  star  bj  180°,  it  will  be  at  b, 
the  extremity  of  the  same  diameter  which  is 
nearest  to  the  sun.  When  the  longitude  of  the 
sun  exceeds  that  of  the  star  by  90°,  the  apparent 
place  of  the  star  will  be  at  a',  the  eastern  ex* 
tremity  of  the  diameter  A  a';  and  when  it 
VIg.  W.  exceeds  that  of  the  star  by  270°,  it  will  be  at 

A,  the  western  extremity.  It  appears  therefore, 
that  while  the  sun  makes  a  complete  revolution  of  the  ecliptic  from 
the  point  at  which  it  has  the  longitude  of  the  star  until  its  return 
to  the  same  point,  the  star  appears  to  moye  round  the  circle  of  the 
parallax  from  b'  in  the  direction  indicated  by  the  arrows,  taking 
successively  the  positions  p  and  the  angle  b'  sp  or  the  arc  B'p, 
being  always  equal  to  the  difference  of  the  longitudes  of  the  sun  and 
star  measured  from  the  star  in  the  order  of  signs. 

But  the  plane  of  this  circle  A  b'  a'  B  being  parallel  to  that  of  the 
ecliptic,  will  be  inclined  to  the  surface  of  the  celestial  sphere,  at  an 
angle  equal  to  the  complement  of  the  latitude  of  the  star;  and  by 
the  common  principles  of  projection  it  wiU,  whenprojeoted  optically 
on  that  surface,  become  an  ellipse,  of  which  the  major  axis  is  the 
projection  of  the  diameter  A  a',  and  is  parallel  to  the  ecliptic,  and 
the  minor  axis  that  of  bb',  and  which  is  perpendicular  to  the 
ecliptic,  and  therefore  coincident  with  the  circle  of  latitude  of 
the  star.  The  diameter  A  a'  being  parallel  to  the  surface  on  which 
it  is  projected,  is  not  altered  in  apparent  magnitude  by  projection ; 
but  (&e  diameter  B  b'  is  diminished  by  projection,  in  the  ratio  of  the 
sine  of  the  star's  latitude  to  1. 

In  the  figure,  this  ellipse  is  represented  above  the  circle  of 
parallax. 

It  will  be  apparent  that,  when  the  star  u  projected  on  B  or  B^, 
its  longitude  is  not  aflfected  by  paralkx,  but  its  latitude  is  increased 
by  8  B  at  B,  and  diminished  by  s  b'  at  b'.  In  like  manner,  when 
the  star  is  seen  at  a  or  a',  its  latitude  is  not  affected  by  parallax ; 
but  its  longitude  is  increased  by  a  a'  at  a',  and  diminished  by  s  a 
at  A. 

When  the  star  is  seen  at  any  of  the  intermediate  points  p  of  the 

CUactic  ellipse,  it  is  affected  by  paralUx  both  in  latitude  and 
^itude,  B  n  being  the  paralUx  in  longitudei  and  pn  the  parallax 
in  latitude. 
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Bj  the  mere  inspection  of  tlie  figure  H  will  be  tppmttl^  ttnft  Ai 
parallax  in  longitude  s  n  is  not  affected  by  prq^eetaoMu  beiag  tki 
same  in  the  parallactic  circle  as  in  the  ellipse ;  dqI  tbift  m  pwilto 
in  latitude  jpn  is  reduced  in  the  ratio  of  the  sinft  flf  1^  starts  lati- 
tude to  1. 

It  is  easy,  and  in  some  respects  clearer,  to  eipMM  (imm  lAfioK 
in  the  symbols  of  arithmetic.  Let  u  be  ^e  efemt  of  tke  flm's 
longitude  aboTe  that  of  the  star,  let  0  be  the  angle  whiek  die  ittdios 
of  the  circle  of  parallax  subtends  at  the  eaith|  tsd  lei  K  be  tfae 
latitude  of  the  star.  The  angle  b'  s^  in  the  paralketie  circle  vil 
then  be  <a,  and  the  parallax  in  longitude  s  n  viU  be  «  X  au.  m- 
The  parallax  in  latitude  which  is  jp  n  in  the  pamllefltie  eUipM  viB 
be  or  X  COS.  tt  X  sin.  x. 

When  the  star  is  at  B  or  b',  cos.  o  ^  1,  and  8  b'=  oX  sin.  x,  and 
when  it  is  at  A  or  a',  sin.  cd=l,  and  8  A=:«. 

8298.  Eccevtricifi/  of  paraUacHc  elh'pse  (fependz  on  star^g  lati- 
tude, —  The  eccentricity  of  the  parallactic  ellipse  increases  as  the 
star's  latitude  decreases.  If  the  star  be  at  the  pole  of  the  eclipti<^ 
the  plane  of  the  circle  of  parallax  being  parallel  to  the  sur&ce  0/ 
the  celestial  sphere,  it  is  not  altered  by  projection }  and  the  apparent 
motion  of  the  star  is  in  a_cnt;le,  of  which  the  centre  is  ^e  true 
place  of  the  star,  and  x>t  which  the  radius  is  the  starts  parallax. 
When  the  latitude  of  the  ertar  is  less  than  90^,  the  obliquity  of  the 
phme  of  the  dtde  of  parallax  to  the  Tisual  direction  gives  an  ellip- 
ti(»d  form  to  its  projection,  which  becomes  more 
«nd  more  elongated  the  nearer  the  star  is  to  the 
eolintio.  When  the  star  is  in  the  ecliptiey  the 
circle  of  parallax  is  viewed  edgeways,  and  the 
parallaotic  ellipse  ifi  flattened  into  its  major 
axis.  The  star  in  this  position  oscillates  east 
and  west  of  its  true  place  to  a  distance  equal  to 
thepanllax. 

In^.  668  the  forms  df  the  puaBactic  ellipae 
are  represented  as  they  vary  in  eccentricity 
£nom  a  peilect  circle  at  the  pole  of  the  ediptio 
to  a  line  equal  to  twice  the  parallax  in  the 
ecfiptio  itself. 

8299.  DifflouUy  of  determining  tKeparaUax 
wriuzfrom  iU  mintite  amownJL  —  It  might  be 
supposed,  that  where  the  character  and  laws  of 
(be  phenomena  are  so  clearly  understood,  the 
discovery  of  their  existence  could  present  no 
great  difficulty.  Nevertheless,  nothing  in  the 
whole  range  of  astronomical  research  has  more 
baffled  the  efforts  of  observers  than  thiis  questioa 
Fig.  868.  of  the  parallax.      This  has  arisen  altogether 
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from  tbe  extreme  minnteness  of  its  magnitade.  It  is  quite  certain 
that  the  quantity  we  have  desiguated  by  «  in  the  preceding  para- 
graphs, does  not  amount  to  so  much  as  1"  in  the  case  of  au  j  of  the 
numerous  stars  which  have  been  as  yet  submitted  to  the  course  of 
observation  which  is  necessary  to  discover  the  parallax.  Now,  since 
in  the  determination  of  the  exact  nranographical  position  of  a  star 
geocentrioally  and  heliooentrically  considered,  there  are  a  multitude 
of  disturbing  effects  to  be  taken  into  account  and  eliminated,  such 
as  precession,  nutation,  aberration,  refraction,  and  others,  besides 
the  proper  motion  of  the  star,  which  will  be  explained  hereafter ; 
and  since  besides  the  errors  of  observation,  the  quantities  of  these 
are  subject  to  more  or  less  uncertainty,  it  will  astonish  no  one  to  be 
told  that  they  may  entail  upon  the  finaJ  result  of  the  calculation,  an 
error  of  1";  and  if  they  do,  it  is  vain  to  expect  to  discover  such  a 
residual  phenomenon  as  parallax,  the  entire  amount  of  which  is  less 
than  1". 

3800.  ffoto  the  distance  is  inferred  from  the  parallax — paral- 
lactic un%t-~U  in  any  case  the  parallax  or  the  quantity  which  in 
the  preceding  paragraphs  has  been  expressed  by  «,  and  which  is 
the  semi-axis  major  of  the  parallactic  ellipse,  could  be  determined, 
the  distance  of  the  stars  could  be  immediately  inferred.  For,  if  this 
Talne  of  or  be  expressed  in  seconds  or  in  decimals  of  a  second,  and 
if  B  express  the  semidiameter  of  the  earth's  orbit,  and  d  the  distance 
of  the  star,  we  shall  have 

206265 

D  =  R  X  . 

or 

If,  therefore,  «  =  1"  the  distance  of  the  star  would  be  206265 
times  the  distance  of  the  sun,  and  since  it  may  be  considered  satis* 
fiictorily  proved  that  no  star  which  has  ever  yet  been  brought  under 
observation  has  a  parallax  greater  than  this,  it  may  be  affirmed  that 
the  nearest  star  in  the  universe  to  the  solar  system  is  at  a  distance 
at  least  206265  times  greater  than  that  of  the  sun. 

Let  us  consider  more  attentively  the  import  of  this  conclusion. 
The  distance  of  the  sun  expressed  in  round  numbers  (which  are 
sufficient  for  our  present  purpose)  is  95  millions  of  miles.  If  this 
be  multiplied  by  206265,  we  shall  obtain — not  indeed  the  distance 
of  the  nearest  of  the  fixed  stars — ^but  the  minor  limit  of  that  dis- 
tance, that  is  to  say,  a  distance  within  which  the  star  cannot  lie. 
This  limit  expressed  in  miles  is 

D  =  206265  X  95,000,000  =  19,595,175,000,000  mUes, 
or  nearly  twenty  trillions  of  miles, 

3301.  Motion  of  light  supplies  a  convenient  unit  for  the 
stellar  distance.  —  In  the  contemplation  of  such  numbers  the 
imagination  is  lost,  and  no  other  clear  conception  remains,  ex- 
cept of  the  mere  arithmetical  expression  of  the  result  of  the 
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oomputaiion.  Afltronomera  ihemseWesi  aooiutoBed  as  tfaej  are 
to  deal  with  stupendons  numbers,  are  compelled  to  seek  for  nnitB 
of  proportionate  magnitude  to  bring  the  arithmetical  ezpreaaioii  of 
the  quantities  within  moderate  limits.  The  molioB  of  Ugkt  aap- 
plies  one  of  the  most  oonvenient  moduli  for  this  porpoae,  and  kaa, 
by  common  oonsenty  been  adopted  as  the  unit  in  all  oompntetioDa 
whose  object  is  to  guage  the  uniycrse.  We  have  shown  tiiaA  light 
moves  at  the  rate  of  192000  miles  per  second.  If,  theo,  the  dis* 
tanoe  D  above  computed  be  divided  by  102000^  the  qnolient  will 
be  the  time,  expressed  in  seconds,  which  light  takes  to  move  over 
that  distance,  mt  since  even  this  will  be  an  unwieldy  somber,  k 
may  be  reduced  to  minutes,  hours,  days,  or  even  to  yeara. 

In  this  manner  we  find  that,  if  any  star  have  a  parallax  of  I'',  it 
must  be  at  such  a  distance  from  our  system  that  lighi  wottld  take 
8-235  years,  or  three  years  and  eighty-five  days,  to  oome  from  it  to 
the  earth. 

If  the  space  through  which  light  moves  in  a  year  be  taken,  there- 
fore, as  the  unit  of  stellar  distance,  and  «  be  the  pwilL^^  , 
in  seconds  or  decimals  of  a  second,  we  shall  have 

3235 


8802.  Method$  of  fuoertaiaUng.  the  paraUaXf  and  eonmquenthf 
Ae  distance,  —  It  will  easily  be  imagined  thai  astronomers  have 
diligently  directed  their  observations  to  the  discovery  of  some 
chan|Fe  of  apparent  positioUi  however  small,  prodnoed  upon  the 
stars  by  the  earth's  motion.  As  the  stars  most  likely  to  be  aff^ted 
by  the  motion  of  the  earth  are  those  which  are  nearest  to  the  system, 
and  therefore  probably  which  are  brightest  and  largest,  it  has  been 
to  such  chiefly  that  this  kind  of  observation  has  been  directed  ;  and 
since  it  was  certain  that,  if  any  observable  effect  be  produced  hy 
the  earth's  motion  at  all,  it  must  be  extremely  small,  the  nicest  and 
most  delicate  means  of  observation  were  those  alone  from  which  the 
discovery  could  be  expected. 

One  of  the  earlier  expedients  adopted  for  the  solution  of  this  pro- 
blem was  the  erection  of  a  telescope,  of  great  length  and  power,  in 
a  position  permanently  fixed,  attached,  for  example,  to  the  side  of 
a  pier  of  solid  masonry  erected  upon  a  foundation  of  rock.  This 
instrument  was  screwed  into  such  a  position  that  particular  stars, 
as  they  crossed  the  meridian,  would  necessarily  pass  within  its  field 
of  view.  Micrometrio  wires  were,  in  the  usual  manner,  placed  in  its 
eye-piece,  so  that  the  exact  point  at  which  the  stars  passed  the 
meridian  each  night,  could  be  observed  and  recorded  with  the 
greatest  precision.  The  instrument  being  thus  fixed  and  immovable, 
the  transits  of  the  stars  were  noted  each  night,  and  the  exact  places 
whera  they  passed  the  meridian  recorded.    Tlus  kind  of  ob^nration 
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oaorried  (he  £hioi^  the  year ;  and  if  the  earths  change  of  poei- 
tion,  bj  reaaon  of  ita  annual  motion,  should  produce  any  efieot  upon 
the  apparent  position  of  the  stars,  it  was  anticipated  that  snch  effect 
would  be  disooTerod  by  these  means.  Affcer,  howeyer,  making  all 
iQlowanoe  for  the  usual  causes  which  affect  the  apparent  position  of 
tlie  stars^  no  change  of  position  was  discovered  which  oould  be 
«jKicned  to  the  earai's  motion. 

8l08.  JVo/^Mor  Hend^nan't  dvtcovery  of^  Ae  ^ratlax  of  m 
OaUanuri. — Notwithstanding  the  numerous  difficulties  which  beset 
tlie  scdution  of  this  problem,  by  means  of  observations  made  with 
tike  ordinary  instruments,  Ph>fessor  Henderson,  during  his  resi- 
denoB  as  astronomer  at  the  Royal  Observatory  at  the  Cape  of  Gtx)d 
Hope,  succeeded  in  making  a  scries  of  observations  upon  the  star 
designated  a  in  the  constellation  of  the  Gentaur,  which,  being  afler- 
wsrds  submitted  by  him  to  the  proper  reductions,  gave  a  parallax 
of  1".  Subsequent  observations  made  by  his  successor,  Mr.  Maclear, 
at  the  same  observatory,  partly  with  the  same  instrument,  and 
partly  with  an  improved  and  more  efficient  one  of  the  same  class, 
have  fully  confirmed  this  result,  giving  0*9128,  or  |fths  of  a  second 
as  the  parallax. 

It  is  wortby  of  remark,  that  this  conclusion  of  Messrs.  Henderson 
and  Maolear  is  confirmed,  in  a  remarkable  manner,  by  the  &ct  that 
like  observations  and  computations  applied  to  other  stars  in  the 
vicinity  of  a  Gentauri,  and  therefore  subject  to  like  annual  causes 
of  apparent  displacement,  such  as  the  mean  annual  variation  of 
temperature,  gave  no  similar  result,  showing  thus  that  the  displace- 
ment found  in  the  case  of  m  Gentauri  comd  only  be  ascribed  to 
parallax. 

Since  the  limits  of  error  of  this  species  of  observation  affecting 
the  final  result  cannot  exceed  the  tenth  of  a  second,  it  may  then  he 
assumed  as  proved,  that  the  parallax  of  a  Gentauri  is  V^  and  conse- 
quently that  its  distance  from  the  8<^  system  is  such  ^t  light 
must  ^e  3*235  years  to  move  over  it. 

3304.  Differential  method,  —  In  the  practical  application  of  the 
preceding  and  all  similar  me&ods  of  ascertaining  the  stellar  pand- 
laz,  it  must  not  be  imagined  that  every  apparent  deviation  from  a 
fixed  position  that  may  be  observed,  is  to  be  immediately  placed  to 
the  account  of  parallax.  Thers  are  a  great  number  of  other  causes 
of  apparent  displacement,  which  must  first  be  allowed  for;  and  it  is 
only  after  eliminating  these,  and  discovering  the  quantity  and  direo^ 
tion  of  the  residual  displacement,  that  we  are  in  a  position  to  pro* 
nounce  upon  the  existence  and  quantity  of  the  parallax.  But  in  all 
8uoh  calculations  the  various  quantities  to  be  thus  taken  into  ac- 
count and  previously  eliminated,  are  subject  to  errors,  small  in 
magnitude  it  is  true,  but  still  great  enough  on  the  whole  to  absorb 
the  entire  amount  of  a  residual  phenomena  so  minute  as  the  stellar 
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paralkx  muBk  in  8ome  cases  be.    All  raoh  metbods  of  observatioa 

and  calculation  are  therefore  liable  to  be  rendered  abortiye  bj  the 
fact,  that  they  are  sabject  to  sources  of  ultimate  error,  the  amount 
of  which  may  be  greater  than  the  quantity  sought 

Independent  of  this  class  of  errors,  there  are  others  which  do  not 
less  impede  the  discovery  of  a  quantity  so  exceedingly  mionte  as 
the  parallax,  and  which  have  a  very  different  origin.  All  astro- 
nomical instruments  are  exposed  to  uncertain  and  variable  changes 
of  temperaturCi  which  cause  the  materials  of  which  they  are  com- 
posed to  undergo  equally  uncertain  and  variable  expansioDfl  and 
contractions.  The  piers  of  stone«work  to  which  they  are  attaehed, 
nay,  the  very  foundation  on  which  these  piers  rest,  is  liable  to  these 
changes,  which  more  especially  affect  the  result  of  the  oomparison 
of  observations  made  at  intervals  of  six  months,  and  ther^ore  aft 
opposite  seasons  of  the  year  when  the  effects  of  difference  of  tem- 
perature are  the  most  aggravated.  '<  Hence,"  as  Sir  John  Her- 
schel  observes,  ''arise  slow  oscillatory  movements  of  exceedingly 
minute  amount,  which  levels  and  plumb-lines  afford  but  yery  inac- 
curate means  of  detecting,  and  which  being  also  annual  in  their 
period,  (after  rejecting  what  is  merely  casual  and  momentary,)  mix 
themselves  intimately  with  the  matter  of  our  inquiry,"  and  give 
results  which  are  especially  liable  to  be  mistaken  for  those  of  stellar 
parallax.  Eefraction  itself,  besides  its  casual  and  irregular  changes, 
IS  subject  to  mean  periodical  variations  which  vary  in  different 
latitudes,  and  in  different  places  in  the  same  latitude,  according  to 
unascertained  laws,  but  which,  having  periods  dependent  on  the 
seasons,  and  therefore  annual,  must  always  be  liable  to  be  confounded 
with  those  of  parallax. 

It  waS|  therefore,  highly  desirable  to  discover  a  method  of  de- 
tecting the  stellar  parallax,  which,  while  it  would  be  free  from  the 
uncertainties  attending  the  other  sources  of  displacement  which  are 

eliminated  subject  to  a  cer- 
tain limit  of  error,  should 
also  be  independent  of  the 
sources  of  error  of  the  latter 
class.  This  object  was  at- 
tained by  an  expedient  which 
we  shall  now  explain. 

Let  s.  Jiff.  869,  be  a  star 
which  we  will  suppose  to 
have  sensible  parallax ;  and 
let  A  B  ▲'  b'  be  its  parallactic 
ellipse.  Let  s'  be  another 
star  situate  in  the  same 
parallel  to  the  ecliptic,  and 
therefore  having  the  same  latitude,  and  so  near  to  it  as  to  be 


Fig.  8S9. 
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inchided  with  a  in  the  field  of  ihe  telescope;  and  let  8^  be  another 
sitiiate  in  the  same  circle  of  latitude,  and  therefore  having  the  eame 
longitode  as  s,  and  also  bo  near  to  8  as  to  be  included  in  the  field 
of  view  of  the  telescope. 

Let  us  Buppoee  for  the  present,  that  the  stars  fi  and  fi'  have  no 
eensible  paxalkz,  and  therefore  undergo  no  apparent  change  of  po» 
rition  throughout  the  year.  From  what  has  been  already  ezplainedy 
it  will  be  evident  that  the  apparent  place  of  8  will  be  a',  when  the 
son's  longitude  exceeds  that  of  the  star  by  90^ ;  it  will  be  b,  when 
it  exceeds  it  by  180^ ;  a,  when  it  exceeds  it  by  270^ )  and  b',  when 
the  sun's  longitude  is  the  same  as  that  of  the  star.  The  semi-axis 
major  8  A  of  the  parallactic  ellipse  is  the  actual  parallax,  or  the 
mgk  which  the  semi-diameter  of  the  earth's  orbit  subtends  at  the 
star.  Let  this  be  expressed  by  «.  8  b  the  semi^axis  minor  will  be 
found  by  multiplying  this  last  by  the  sine  of  the  star's  latitude,  as 
has  been  already  explained.  Let  this  latitude  be  expressed  by  %\ 
we  shall  therefore  have 

8A  =  «,     8B  =  «X  sin. X. 

Let  s'a  =  d,  $[A'^d^  and  8' 8  =  a.  Since  8A  =  sa's=«^ 
we  shall  have 

that  is,  the  true  distance  between  the  stars  8  and  s'  is  half  the  sum 
of  their  apparent  distances  at  the  times  when  the  difference  be- 
tween their  longitude  and  that  of  the  sun  is  270^  and  90^,  and 
the  parallax  of  8  is  half  the  difference  between  the  same  apparent 
distances. 

Li  like  manner,  let  b''  b'  =  d',  S^  b  =  cT,  and  s''  a  =  A,  and  we 
shall  have 

a'=  J  (D'  +  dO,  «  X  sin.x=  }  (p'—d')] 

that  is,  the  true  distance  is  half  the  sum  of  the  apparent  distances 
when  the  difference  of  longitude  of  the  sun  and  star  is  0^  and  180^, 
and  the  parallax  is  half  the  difference  of  the  same  distances  divided 
by  the  sign  of  the  star's  latitude. 

It  is  evident,  therefore,  that  under  the  supposition  here  made  of 
the  absence  of  all  sensible  parallax  in  the  subsidiary  stars  ft  and 
fl'y  the  actual  parallax  of  the  star  8  would  be  found  by  measuring 
with  the  micrometer  the  distance  between  the  stars  8  and  a',  at  the 
epochs  when  the  snn's  longitude  differs  from  that  of  the  star  by 
90^  and  270<>. 

In  like  manner,  the  parallax  would  be  found  by  comparing  the 
star  8  with  the  star  8"  at  the  epoch  when  the  difference  between  the 
lonffitttde  of  the  sun  and  that  of  the  star  is  0^  and  180^. 

It  is  evident,  that  the  four  observations  here  indicated,  two  upon 
each  of  the  stany  will  be  made  at  intervals  of  three  months,  deteiw 
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mined  by  the  epochs  at  which  the  loDgitade  of  the  son  ezeeeds 
that  of  the  Btar  by  0*^,  90°,  180°,  and  270°. 

The  precision  with  which  micrometrical  measorements  can  be 
effected,  when  applied  to  two  or  more  objects  which  are  simnla- 
neonsly  present  in  the  field  of  view  of  the  telescope;  renders  this 
method  of  observation  susceptible  of  extraordinary  exactness.  It 
is  also  attended  with  the  obvioos  advantage  of  being  totally  inde- 
pendent of  all  disturbing  causes  which,  in  this  case,  eqnaUy  aiEect 
all  the  objects  present  simultaneously  in  the  field  of  view ;  Uiua  all 
the  uncertainties  attending  the  effects  of  refraction,  aberration, 
precession,  nutation,  &c.,  may  be  here  discarded,  as  not  inteilering 
in  any  way  with  the  final  result  of  the  observations. 

8305.  Position  micrometer,  its  application  to  this  problem,  — 
But  these  are  not  the  only  indications  of  the  stellar  parallax  ]we- 
sented  by  this  method  of  observation.  An  arrangement  provided 
in  the  micrometers  applied  on  the  eye-piece  of  the  astronomical  in- 
strument, supplies  the  observer  with  the  means,  not  only  of  mea- 
suring the  apparent  distance  between  two  or  more  points  which  are 
present  simultaneously  in  the  field  of  view,  but  also  the  direction 
of  the  line  joining  these  two  points  with  relation  to  some  fixed 
direction,  such,  for  example,  as  a  parallel  or  a  perpendicular  to  the 
ecliptic.  Thus,  when  the  star  s  is  seen  at  A,  the  direction  of  the 
line  joining  it  with  the  star  s',  is  parallel  to  the  ecliptic;  but  when 
it  is  seen  at  B,  the  line  B  s'  joiuing  it  with  the  star  ^  is  inclined  to 
the  ecliptic  at  the  angle  B  s'  s. 

The  micrometrio  apparatus  just  indicated,  which  from  its  use  is 
called  the  podtvon  micrometer y  enables  the  observer  to  measure  with 
the  greatest  precision  the  angle  b  s'  s,  and  in  like  manner  to  mea- 
sure the  equal  angle  b'  s'  s  when  the  star  s  is  seen  at  the  lower 
point  b'  of  the  parallactic  ellipse. 

The  same  apparatus  enables  the  observer  to  measure  the  angle 
A  8"  8,  which  the  line  joining  the  stars  a  s'  when  the  sun's  longi- 
tude exceeds  that  of  the  star  by  90°  makes  with  a  perpendicular  to 
the  ecliptic,  that  is,  the  angle  A  s"  8,  and  in  like  manner  he  can 
measure  the  angle  a'  s"  8. 

Let  the  angle  b  s'  8  r:=  ty  and  let  the  angle  A  8^'  s  =  t' ;  we  shall 
then  have 

«  X  sin.  3L  ==  }  (D  -f  cf)  X  tan.  ^, 
or  =  J  (d'  -f  d!)  X  tan.  ^', 

If,  therefore,  the  angles  t  ^nd  t'  be  ascertained,  they  supply 
further  data  by  which  the  results  of  the  combined  observations  may 
be  verified. 

If  the  subsidiary  stars  a'  and  s''  be  not  in  the  exact  position  here 
assumed,  but  have  latitudes  and  longitudes  differing  more  or  less 
from  those  of  the  star  8,  the  question  will  be  somewhat  modified, 
but  its  investigation  will  present  no  difficulty. 
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3806.  Case  of  two  stars  having  equal  parallax.  —  If  the  two 
stars  seen  at  once  in  the  field  of  view  of  the  telescope  have  equal 
parallaxes,  both  being  sensible,  they  will  appear  to  describe  similar 
parallactic  ellipses,  and  mil  from  time  to  time  occupy  similar  posi- 
tions in  these  ellipses,  since  their  position  will  be  determined  by  the 
difference  of  longitudes  of  the  sun  and  the  stars.  It  follows  from 
this,  that  the  lines  drawn  from  the  centres  of  the  parallactic  ellipses 
to  any  simultaneous  positions  of  the  stars  in  these  ellipses,  will  be 
parallel  and  equal ;  and  consequently  the  line  joining  the  stars  will 
always  be  parallel  to  the  major  axis  of  the  ellipse  and  always  equal 
to  the  true  distance  between  the  stars.  This  will  easily  be  compre- 
hended by  reference  to^^.  870^  where  s  and  s  are  the  true  positions 
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of  the  stars,  and  A B  a' b',  and  aha'  I/,  the  two  parallactic  ellipses, 
and  P  and  j>  simultaneous  positions  of  the  stars  in  these  ellipses. 
The  semi-diameters  sp  and  sp  being  parallel,  it  is  evident,  that  Pp 
will  be  equal  to  s  <,  that  is  to  say,  the  apparent  distance  between 
the  stars  will  be  equal  to  the  true  distance  between  them ;  and  the 
line  Pp,  joining  the  simultaneous  positions  of  the  stars  will  be  con- 
stantly parallel  to  the  line  s  «,  that  is,  to  the  ecliptic.  But  if  the 
star  s  be  not,  as  here  supposed,  in  the  same  parallel  to  the  ecliptic 
with  the  star  s,  the  same  will  nevertheless  be  true,  the  line  joining 
the  apparent  places  of  the  two  stars  being  always  parallel  to  the 
line  joining  their  true  places.  It  is  evident,  therefore,  that  if  the 
two  stars  thus  compared  had  exactly  equal  parallaxes,  which  they 
would  have  if  they  were  at  exactly  equal  distances  from  the  solar 
system,  this  method  of  observation  would  not  supply  any  means  of 
determining  the  common  value  of  their  parallax. 

3307.  Case  in  which  they  have  unequal  paraUaoces.  —  But  if 
while  the  parallax  of  the  subsidiary  star  is,  on  the  one  hand,  not 
absolutely  insensible,  as  first  supposed,  nor,  on  the  other,  equal  to 
that  of  the  principal  star,  but  it  is  much  less  than  that  of  the  prin- 
cipal star,  then  the  subsidiary  star  will  appear  to  move  in  a  paral- 
lactic ellipse  proportionally  smaller  than  that  of  the  principal  star. 

Let  aba' nf,  Jig,  871,  be  the  parallactic  ellipse  of  the  principal 
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8ttr,  tad  UtuhafVheihe  panOaotic  ellipse  of  the  snlwidiazy  stat, 
whioh  to  (nmplify  the  explanation  we  will  sappoae,  as  befixre,  to  k 


Fig.  871. 

in  the  sane  parallel  to  the  ecliptio  with  the  principal  star.  ISotf 
the  two  stars  have  the  same  latitude,  their  parallactic  ellipses  will  be 
similar,  and  their  minor  axes  will  consequently  hear  the  same  ratio 
to  their  migor  axes,  as  represented  in  the  figure.  The  simuIteaaoiB 
places  of  the  two  stars  in  the  parallactie  eiuipses,  will  also  be  sock 
that  the  semi-diameter  of  the  ellipses  8  p  and  sp  which  paas  ihroo^b 
them,  will  always  be  parallel.  But  siucey  in  this  case,  sjp  wiU 
always  be  less  thau  s  p,  the  line  vp,  which  joins  the  simoltaneoos 
places  of  the  stars,  will  not, as  in  die  former  case, be  parallel  tost, 
nor  equal  to  it.  It  will,  on  the  contrary,  be  inclined  to  it  at  an 
an^  which  will  vary  with  the  position  of  the  stars  in  die  parallactjc 
olhpses,  and  which  will  increase  gradually  from  the  points  A  a  to 
the  points  B  h,  where  its  obliquity  to  the  line  s  s  is  greatest. 

Let  A  a,  the  apparent  distance  between  the  two  stars  when  the 
sun's  longitude  exceeds  that  of  the  star  by  90^,  be  expressed  as 
before  by  d;  and  let  a'  a',  their  apparent  distance  when  the  sun's 
longitude  exceeds  that  of  the  star  by  270^,  be  expressed  by  d. 
Let  the  parallax  s  A  of  the  principal  star  be  expressed  by  cr,  and  let 
the  parallax  sa  of  the  subsidiary  star  be  expressed  by  «/.  The 
true  distance,  s  <,  between  the  stars,  being  expressed  as  before  by  A, 
we  shall  have 

I  The  results  are,  therefore,  absolutely  the  same  as  if  the  snbskiiajy 
star  8  had  no  sensible  parallax,  and  the  parallax  oi  the  principal 
star  8  were  equal  to  the  difference  between  its  parallax  and  that  of 
the  subsidiary  star.  If  the  problem  be  pursued  through  its  otber 
details,  it  will  be  found  that  the  changes  of  inclination  of  the  line 
joining  the  apparent  places  of  the  two  stars  to  a  fixed  line,  sacb  u 
the  parallel  to  the  ecliptic,  will  also  be  the  same  as  they  would  be 
if  the  subsidiary  star  had  no  sensible  parallax,  and  the  prinflipal 
Bsar  had  a  paraUax  equal  to  the  difference  of  the  parallaxes. 
8308.  Parallax  of  nine  stars  ascertained.  —  Notwithstandifig 
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tlie  great  multitude  of  stars  to  which  instminents  of  obseryation  of 
UDlooked-for  perfection,  in  the  hands  of  the  most  able  and  asealons 
observers,  have  been  directed,  the  results  of  all  such  labours  have 
hitherto  been  rather  negative  than  positive.  The  means  of  obser- 
Tation  have  been  so  perfect,  and  their  application  so  extensive,  that 
it  may  be  considered  as  proved  by  the  absence  of  all  measureable 
displacement  consequent  upon  the  orbital  motion  of  the  earth  that| 
a  very  few  individual  stars  excepted,  the  vast  multitude  of  bodies 
"irhich  compose  the  universe  and  which  are  nightiy  seen  glittering 
in  the  firmament,  are  at  distances  from  the  solar  system  greater 
than  that  which  would  produce  an  apparent  displacement  amounting 
to  the  tenth  of  a  second.  This  limit  of  distances  is,  therefore,  ten 
parallactic  units^  or  about  two  million  times  the  space  between  the 
earth  and  sun. 

Within  this  limit,  or  very  little  beyond  it,  nine  stars  have  been 
found  to  be  placed,  the  nearest  of  which  is  that  already  mentioned, 
of  which  Professor  Henderson  discovered  the  parallax.  Those  of 
the  others  are  due  to  the  observations* of  Messrs.  Bessel,  Struvei 
and  Peters.  In  the  following  Table  the  parallaxes  of  these  stars 
are  given  with  their  corresponding  distances  expressed  in  parallactio 
units,  and  also  in  the  larger  unit  presented  by  the  distance  through 
which  light  moves  in  a  year. 

TABLE. 
Nine  Stars,  with  their  ascertained  Parallax  and  corresponding  Distances. 


star. 

Fanllu. 

D»taae«. 

ObMrrtr. 

Sbo'i  dirt. «  1". 

Ana.Biotorilrht>l. 

aCentanri  

(H>13" 

22&916 

8-54826 

Hendenon. 

(Jl  OyKni  •.t».Tr-t— 

0-348 

692712 

9-29580 

B«bmL 

a  LjMB 

0-261 

700280 

12-89400 

StruTe. 

Slrfaa 

0-230 

896780 

14-0650 

Hendenon. 

0-226 

012660 

14-3140 

Peters. 

1  XJnn 

0133 

1550800 

24-8230 

Peten. 

AntiinM  >••••. i'it-i 

0-127 

1624100 

25-4725 

Peters. 

poiuig 

OKW 

8078400 

48-2833 

Peters 

CkiMUA 

0*046 

4484000 

78-6400 

Peters. 
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The  pftraliaz  of  the  first  seven  of  these  stars  may  be  consideRd 
as  having  been  ascertained  with  tolerable  certainty  and  precison. 
The  very  smtill  aroonnt  of  that  of  the  last  two  is  such  as  to  render 
it  more  doubtful.  What  is  certain,  however,  in  relation  to  these  is, 
that  the  actual  amount  of  their  parallax  is  less  than  the  tenth  of  a 
•eeoad. 


CHAP.  XXVI. 

MAGNITUDE  AND  LUSTRE  Of  THE  STARS. 

8809.  Orden  of  magnitude  t>f  the  ttan,  —  Among  the  multi- 
tude of  stars  dispersed  over  the  firmament^  we  find  a  ereat  yaiiety 
of  splendour.  Those  which  are  the  brightest  and  laigesty  and 
which  are  said  to  be  of  the  fint  magnitude,  are  few;  the  next  in 
order  of  brightness,  whioh  are  called  of  the  tecond  magnitude, 
are  more  numerous;  and  as  they  decrease  in  brightness  their  num- 
ber rapidly  increases. 

The  number  of  stars  of  the  first  magnitude  does  not  exceed 
twenty-four;  the  second,  fifty ;  the  third,  two  hundred;  and  so  on  ; 
the  number  of  the  smallest  visible  without  a  telescope  being  from 
12,000  to  15,000. 

The  stars  which  are  capable  of  being  seen  bv  the  naked  eye  are 
usually  resolved  into  seven  orders  of  magnitude  —  the  first  being 
the  brightest  and  largest,  while  those  of  the  seventh  magnitude  are 
the  smallest  that  the  eye  can  distinctly  see. 

8310.  Theie  varieiiea  of  magnitude  caused  chiefy  hy  difference 
of  distance,  —  Are  we  to  suppose,  then,  that  this  relative  bright- 
ness which  we  perceive,  really  arises  from  any  difference  of  intxinsio 
splendour  between  the  objects  themselves?  or  does  it,  as  it  may 
equally  do,  arise  from  their  difference  of  distance  f  Are  the  stars 
of  the  seventh  magnitude  so  much  less  bright  and  conspicuous  than 
those  of  the  first  magnitude,  because  they  are  really  smaller  orbs 
placed  at  the  same  distance  ?  or  because,  being  intrinsically  equal 
m  splendour  and  magnitude,  the  distance  of  those  of  the  seventh 
magnitude  is  so  much  greater  than  the  distance  of  those  of  the 
first  magnitude,  that  they  are  diminished  in  their  apparent  bright- 
ness ?  We  know  that  by  the  laws  of  optics  the  light  received  horn 
a  luminous  object  diminishes  in  a  very  rapid  proportion  as  the  dis> 
tance  increases.  Thus  at  double  the  distance  it  will  be  four  times 
less,  at  triple  the  distance  it  will  be  nine  times  less,  at  a  hundred 
times  the  distance  it  will  be  ten  thousand  times  less,  and  so  on. 

It  is  evident,  then,  that  the  great  variety  of  lustre  which  pre- 
vails among  the  stars  may  be  indifferently  explained,  either  by 
supposing  them  objects  of  different  intrinsio  brightness  and  magni- 
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tade,  placed  at  the  eame  distanoe;  or  objeoto  generally  of  tbe  tame 
order  of  magnitude,  plaoed  at  a  great  diversity  of  distaDces. 

Of  these  two  suppositioDSy  the  latter  is  infioitely  the  more  pro* 
bable  and  natural ;  it  has,  therefore^  been  usually  adopted :  and  we 
accordingly  consider  the  stars  to  derive  their  variety  of  lustre 
almost  entirely  from,  their  places  in  the  universe  being  at  yarioua 
distances  from  us. 

3311.  Stars  as  distant  /rom  each  other  generally  as  they  are 
from  (he  sun.  —  Taking  the  stars  generally  to  be  of  intrinsically 
equal  brightness,  various  theories  have  been  proposed  as  to  the  posi- 
tions which  would  explain  their  appearance  ',  and  the  most  natural 
and  probable  is,  that  their  distances  from  each  other  are  generally 
equal,  or  nearly  so,  and  correspond  with  the  distance  of  our  sun 
from  the  nearest  of  them.  In  this  way  the  fact  that  a  small  num- 
ber of  stars  only  appear  of  the  first  magnitude,  and  that  the  num- 
ber increases  very  rapidly  as  the  magnitude  diminishes^  is  easily 
rendered  intelligible. 

8312.  Why  stars  increase  in  number  as  they  decrecue  in  magni- 
tude, —  If  we  imagine  a  person  standing  in  the  midst  of  a  wood, 
surrounded  by  trees  on  every  side  and  at  every  distancci  those 
"which  immediately  surround  him  will  be  few  in  number,  and  by 
proximity  will  appear  large.  The  trunks  or  stumps  of  those  whicn 
occupy  a  circuit  oeyond  the  former^  will  be  more  numerous,  the 
cireuit  being  wider,  and  will  appear  smaller,  because  theii  fistanoe 
18  greater.  Beyond  these  again,  occupying  a  still  wider  circuit, 
will  appear  a  proportionally  augmented  number,  whose  apparent 
magnitude  will  again  be  diminish^  by  increased  distance ;  and  thua 
the  trees  which  occupy  wider  and  wider  circuits  at  greater  and 
greater  distances  will  be  more  and  more  numerous,  and  will  appear 
continually  smaller.  It  is  the  same  with  the  stars ;  we  are  placed 
in  the  midst  of  an  immense  cluster  of  suns,  surrounding  us  on 
every  side  at  inconceivable  distances.  Those  few  which  are  placed 
immediately  about  our  system,  appear  bright  and  large,  and  we  call 
them  stars  of  the  first  magnitude.  Those  which  lie  in  the  circuit 
beyond,  and  occupy  a  wider  range,  are  more  numerous  and  less 
bright;  and  we  call  them  stars  of  the  second  magnitude.  And 
there  is  thus  a  progression  increasing  in  number  and  distance  and 
diminishing  in  brightness,  nntil  wo  attain  a  distance  so  great  that 
the  stars  are  barely  visible  to  the  naked  eye.  This  is  the  limit  at 
vision.  It  b  the  limit  of  the  range  of  the  eye  in  its  natural  con^ 
dition ;  but  an  eye  has  been  given  us  more  potent  still,  and  of  in- 
finitely wider  range  —  the  eye  of  the  mind.  The  telescope,  a  crea- 
ture of  the  understanding,  has  conferred  upon  the  bodily  eye  an 
infinitely  augmented  range,  and,  as  we  shall  presently  see,  has 
enabled  us  to  penetrate  into  realms  of  the  universe,  which,  without 
its  aid,  would  never  have  been  known  to  ns.    But  let  us  pause  for 
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tbe  present  and  dwell  for  a  moment  npon  that  range  of  spaoe  wlueli 
comes  within  the  scope  of  natural  vision. 

3313.  What  are  the  Ji:red  »tor«f— The  extent  of  the  stellar 
universe  visible  to  the  naked  eye,  and  the  arrangement  of  stars  in 
it  and  their  relative  distances,  have  just  been  explained.  Bat  curi- 
osity will  be  awakened  to  discover,  not  merely  the  position  and 
arrangement  of  those  bodies,  but  to  ascertain  what  is  their  n&ture^ 
and  what  parts  they  play  on  the  great  theatre  of  creation.  Are 
they  analogous  to  our  planets  f  Are  they  inhabited  globes,  vanned 
and  illuminated  by  neighbouring  sans  ?  Or,  on  the  other  hand,  are 
they  themselves  suns,  dispensing  light  and  life  to  systems  of  sur- 
rounding worlds  ? 

3314.  Telescopes  do  not  magnify  them  like  the  planets.  — When 
a  telescope  is  directed  to  a  star,  the  effect  produced  is  strikinglj 
different  from  that  which  we  find  when  it  is  applied  to  a  planet.  A 
planet,  to  the  naked  eye,  with  one  or  two  exceptions,  appears  like  a 
common  star.  The  telescope,  however^  immediately  presents  it  to 
us  with  a  distinct  circular  disk  similar  to  that  which  the  moon  offers 
to  the  naked  eye,  and  in  the  case  of  some  of  the  planets  a  powerfnl 
telescope  will  render  them  apparently  even  larger  than  the  moon. 
But  the  effect  is  very  different  indeed  when  the  same  instrument  is 
directed  even  to  the  brightest  star.  We  find  that  instead  of  mag- 
nifying, it  actually  diminishes.  There  is  an  optical  illusion  pro- 
duced when  we  behold  a  star,  which  makes  it  appear  to  us  to  be 
surrounded  with  a  radiation  which  causes  it  to  be  represented  when 
drawn  on  paper,  by  a  dot  with  rays  diverging  on  every  side  from  it. 
The  effect  of  the  telescope  is  to  cut  off  this  radiation,  and  present 
to  us  the  star  as  a  mere  lucid  pointy  having  no  sensible  magnitude; 
nor  can  any  augmented  telescopic  power  which  has  yet  been  resorted 
to,  produce  any  other  effect.  Telescopic  powers  amounting  to  six 
thousand  were  occasionally  used  by  Sir  William  Herschel,  and  be 
stated  that  with  these  the  apparent  magnitude  of  the  stars  seemed 
less,  if  possible,  than  with  lower  powers. 

3315.  The  absence  of  a  disk  proved  hy  their  occvltatum  &y  the 
moon.  —  We  have  other  proofs  of  the  fact  that  the  stars  have  no 
sensible  disks,  among  which  may  be   mentioned  the  remarkable 
effect  called  the  occultation  of  a  star  by  the  dark  edge  of  the  moon. 
When  a  moon  is  a  crescent  or  in  the  quarters,  as  it  moves  over  the 
firmament,  its  dark  edge  successively  approaches  to,  or  recedes  from 
the  stars.     And  from  time  to  time  it  happens  that  it  passes  between 
the  stars  and  the  eye.     If  a  star  had  a  sensible  disk  in  this  case, 
the  edge  of  the  moon  would  gradually  cover  it,  and  the  star,  instead    ' 
of  being  instantaneously  extinguished,  would  gradually  disappear.    I 
This  is  found  not  to  be  the  case ;  the  star  preserves  all  its  lustre    { 
until  the  moment  it  comes  into  contact  with  the  dark  edge  of  the    { 
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moon's  diski  and  tben  it  is  instantly  extingoislied,  witbont  the 
eligbtest  appearance  of  diminution  of  its  brightness. 

8316.  Meaning  of  the  term  magnitude  as  applied  to  start,  —  It 
may  be  asked  then,  if  such  be  the  case,  if  none  of  the  stars,  great 
or  small,  baye  any  discoverable  magnitude  at  all,  with  what  mean- 
ing can  we  speak  of  stars  of  the  first,  second,  or  other  orders  of 
magnitude  F  The  term  magnitude  thus  applied,  was  used  before 
the  invention  of  the  telescope,  when  the  stars,  having  been  observed 
only  with  the  naked  eye,  were  really  supposed  to  have  different 
magnitudes.  We  must  accept  the  term  now  to  express,  not  the 
comparative  magnitude,  but  the  comparative  brightness  of  the  stars. 
Thus  a  star  of  the  first  magnitude,  means  of  the  greatest  apparent 
brightness ;  a  star  of  the  second  magnitude,  means  that  which  baa 
the  next  degree  of  splendour,  and  so  on.  But  what  are  we  to  infer 
from  this  singular  fact,  that  no  magnifying  power,  however  great^ 
will  exhibit  to  us  a  star  with  any  sensible  magnitude?  must  we 
admit  that  the  optical  instrument  loses  its  magnifying  power  when 
applied  to  the  stars,  while  it  retains  it  with  every  other  visible 
object  ?  Such  a  consequence  would  be  eminently  absurd.  We  arc 
therefore  driven  to  an  inference  regarding  the  magnitude  of  stars, 
as  astonishing  and  almost  as  inconceivable  as  that  which  was  forced 
upon  us  respecting  their  distances.  We  saw  that  the  entire  mag- 
nitude of  the  annual  orbit  of  the  earth,  stupendous  as  it  is,  was 
nothing  compared  to  the  distance  of  one  of  those  bodies,  and  con- 
sequently if  that  orbit  were  filled  by  a  sun,  whose  magnitude  would 
therefore  be  infinitely  greater  than  that  of  ours,  such  a  son  would 
not  appear  to  an  observer  at  the  nearest  star  of  greater  magnitude 
than  1";  consequently  would  have  no  magnitude  sensible  to  the 
eye,  and  would  appear  as  a  mere  lucid  point  to  an  observer  at  the 
star!  We  are  then  prepared  for  the  inference  respecting  the  fixed 
stars  which  telescopic  observations  lead  to.  The  telescope  of  Sir 
William  Hersohel,  to  which  he  applied  a  power  of  six  thousand, 
did  undoubtedly  magnify  the  stars  six  thousand  times,  but  even 
then  their  apparent  magnitude  was  inappreciable.  We  are  then  to 
infer  that  the  distance  of  these  wonderful  bodies  is  so  enormous 
compared  with  their  actual  magnitude,  that  their  apparent  diameter, 
seen  from  our  system,  is  above  six  thousand  times  less  than  any 
which  the  eye  is  capable  of  perceiving. 

3317.  'Why  stars  may  he  rendered  imperceptible  by  their  dis- 
tance,— It  appears,  therefore,  that  stars  are  rendered  sensible  to  the 
eye,  not  by  subtending  a  sensible  angle,  but  by  the  light  they  emit 
It  has  been  already  explained  (1131)  that  an  illuminated  or  lumi- 
nous object,  such,  for  example,  as  the  sun,  has  the  same  apparent 
brightness  at  all  distances,  and,  consequently,  that  the  quantity  of 
light  which  the  eye  of  an  observer  receives  from  it  being  in  the 
ezaet  ratio  of  the  apparent  area  of  its  visual  disk,  is  inversely  as  the 
in.  57 
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square  of  its  Jiistance.  It  remains,  however  to  explain  how  it  cm 
he  that,  after  it  ceases  to  have  a  disk  of  sensible  diameter,  it  does 
not  cease  to  be  visible.  This  arises  from  the  fact  that  the  Inminoiis 
point  constitating  the  image  on  the  retina,  is  intrinsically  as  bright 
as  when  that  image  has  a  large  and  sensible  magnitude.  The  eye 
is  therefore  sensible  to  the  light,  though  not  sensible  to  the  mag- 
nitude of  the  image ;  and  it  oontinnes  to  be  sensible  to  the  light, 
until  by  increase  of  distance  the  light  which  enters  the  pupil  and  is 
collected  on  the  retina,  though  still  as  intense  in  its  orilliancy  as 
before,  is  so  small  in  its  quantity,  that  it  is  insufficient  to  produce 
sensation. 

3318.  Classification  of  stars  by  magnitudes  arbitrary  and 
iiwijicient.  —  The  distribution  of  the  stars  visible  to  the  naked  eye 
into  seven  orders  of  magnitude,  has  been  so  long  and  so  generally 
received,  and  is  referred  to  so  universally  in  the  works  of  astrono- 
mers, ancient  and  modern,  that  it  would  be  impossible  altogether  to 
supersede  it,  and  if  possible,  such  a  change  would  be  attended  with 
great  inconvenience.  Nevertheless,  this  classification  is  open  to 
many  objections,  and  is,  from  its  looseness  and  want  of  definiteness 
and  precision,  in  singular  discordance  with  the  actual  state  of  astro- 
nomical science.  The  stars  which  abound  in  such  countless  num- 
bers on  the  firmament,  are  of  infinite  gradations,  from  that  of  Sinus, 
the  most  splendid  object  of  this  class,  to  the  most  faint  stars  which 
the  sharpest  and  most  practised  eye  can  distinguish  on  the  darkest 
and  clearest  night.  To  distribute  such  a  series  so  imperceptibly 
decreasing  in  splendour,  into  seven  orders  of  magnitude^  must 
obviously  be  an  arbitrary  process,  in  which  no  two  observers  could 
possibly  agree.  There  are  no  natural  breaks  of  continuity  by  which 
the  stars  of  the  first  magnitude  could  be  separated  from  those  of  the 
second,  the  second  from  those  of  the  third,  and  so  on.  Whatever 
be  the  stars  assigned  to  any  class,  the  brightest  will  be  undistin- 
guishable  from  the  faintest  of  those  of  the  next  superior  magnitude, 
and  the  faintest  will  be  equally  undistinguishable  from  the  brightest 
of  the  next  inferior  magnitude. 

The  stars  assigned  to  any  order  of  magnitude  must,  in  snch  a 
classification,  difier  greatly  one  from  another  in  brightness.  Thus, 
of  the  24  or  25  stars  that  are  usually  assigned  to  the  first  magni- 
tude in  the  received  classification,  Sirius,  the  brightest,  is  aU>ut 
four  times  as  bright  as  a  Centauri,  which  may  be  taken  as  the  type 
of  the  average  brightness  of  stars  of  this  magnitude. 

3319.  Importance  of  more  exact  astrometric  expedients, — When 
it  is  considered  that  the  exact  ratio  of  the  apparent  lustre  of  the 
stars,  combined  with  their  parallaxes  when  the  latter  are  known, 
supplies  the  data  by  which  the  absolute  splendour  of  these  bodies 
may,  as  will  presently  appear,  be  calculated ;  and  further,  that  thej 
may  be  thus  brought  into  immediate  numerical  comparison  with  tb« 
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BUD,  which  is  itself  only  an  individual  of  the  same  class  of  bodies, 
the  importance  of  the  expedients  for  the  more  exact  estimation  of 
their  relative  lustre,  and  a  more  precise  basis  of  classification  as  to 
apparent  magnitude,  cannot  fail  to  be  felt  and  acknowledged.  The 
importance  of  this  is  rendered  still  greater  by  the  consideration  that 
the  parallax  of  a  very  small  number  of  stars  being  found  to  have 
appreciable  magnitude,  the  comparative  lustre  of  these  bodies  taken 
in  the  mass,  is  the  only  ground  upon  which  any  estimate  of  their 
relative  distances  can  be  determined ;  and  when  the  large  number 
"which  are  subject  to  observation  is  considered,  and  the  improbability 
of  their  differing  greatly  in  intrinsic  magnitude  taken  collectively 
in  classes,  it  must  be  admitted  that  their  relative  apparent  bright- 
ness cannot  fail  to  be  a  tolerably  exact  exponent  of  their  comparative 
distances. 

3320.  Astrometer  contrived  and  applied  hi/  Sir  J,  HerscheL  — 
During  his  residence  at  the  Cape,  Sir  J.  Herschel  contrived  an 
apparatus  for  the  more  exact  determination  of  the  relative  lustre  of 
the  stars,  and  applied  it  with  great  advantage  to  the  determination 
of  the  relative  brightness  of  a  considerable  number  of  these  objects. 
This  apparatus  consisted  of  a  rectangular  glass  prism,  and  a  lens 
80  mounted  that  two  celestial  objects  might  be  seen  in  juxta-position, 
one  directly,  and  the  other  by  reflection  and  transmission  through 
the  prism  and  lens,  the  apparent  brightness  of  the  latter  being 
capable  of  being  varied  at  pleasure  by  the  observer,  so  that,  by 
proper  adjustments,  the  two  objects  thus  seen  may  be  rendered  sen- 
sibly equal  in  brightness.  When  this  is  accomplished,  the  arrange- 
ments of  the  apparatus  are  such,  that  by  measuring  the  distance  of 
the  eye  of  the  observer  from  the  focus  of  the  lens,  a  measure  may 
be  obtained  by  which  the  comparative  lustre  of  any  objects  to  which 
the  apparatus  may  be  successively  directed  may  be  determined. 

To  render  this  intelligible,  let  P,^.  872,  represent  the  rectangular 
prism,  one  of  the  faces  of  which  is  placed  so  as  to  receive  a  pencil 
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of  rays  passing  from  a  distant  object  j  perpeDdionlarlj  apon  it 
These  rays  are  totally  reflected  (1006,)  by  the  back  of  the  prism  at 
Vf  and  emerging  from  the  other  face  of  the  prism,  are  received  upon 
the  lens  L,  and  brought  to  a  focus  F,  as  if  they  came  from  the  direc- 
tion PF.  The  parallel  pencil  is  thus  converted  into  a  divergent 
pencil,  of  which  F  is  the  focus^  and  the  point  F  will  appear  to  an 
eye,  placed  any  where,  as  at  s,  within  the  limits  of  the  divergent 
pencil  as  a  star,  the  apparent  brightness  of  which  will  be  more  or 
less  according  as  the  eye  is  nearer  to  or  more  distant  from  F.  It 
results  from  the  principles  of  optics,  that  the  apparent  brightness 
of  the  focal  point  f  will  be  inversely  as  the  square  of  the  distance 
E  F  of  the  eye  from  this  point.  If,  then,  M  express  the  apparent 
lustre  of  F  when  the  eye  is  at  the  unit  of  distance  from  it,  M  divided 
by  d'  will  express  its  apparent  lustre  when  the  eye  is  at  the  dis- 
tance B. 

Let  us  now  suppose  the  apparatus  so  arranged  in  its  posidon  that 
while  the  eye,  placed  within  the  divergent  pencil,  sees  the  focus  F, 
it  may  also  see,  in  juxta-position  with  it,  a  star  s,  whose  lustre  is  to 
be  determined.  Let  the  eye  be  moved  to  or  from  F  until  the  lustre 
of  the  star  becomes  sensibly  equal  to  that  of  F.  If^  then,  the  lustre 
of  the  star  be  expressed  by  s,  we  shall  have 

M 

Let  the  apparatus  be  then  directed  to  another  star,  whose  lustre 
s'  is  to  be  compared  with  the  former,  and  let  the  same  operation  be 
repeated,  the  distance  of  the  eye  from  F  being  so  regulated  as  to 
render  the  apparent  lustre  of  the  point  F  equal  to  that  of  the  second 
star.  The  distance  of  the  eye  fh)m  f  being,  in  this  case  expressed 
by  d',  we  shall  then  have 

and  consequently, 

that  is  to  say,  the  apparent  lustres  of  the  two  stars  are  in  the  inverse 
numerical  ratio  of  the  squares  of  the  distances  of  the  eye  from  f, 
which  would  render  the  apparent  lustre  of  F  equal  to  those  of  the 
stars  respectively. 

In  the  series  of  observations  made  at  the  Cape  by  Sir  J.  Herschel, 
the  moon  was  the  object  with  which  the  stars  were  thus  compared. 
The  planet  Jupiter  would,  perhaps,  be  more  convenient;  but  anj 
object  which  would  retain  an  invariable  brightness  during  the  short 
interval  necessary  for  the  comparison  of  the  stars  under  observatioe, 
would  serve  the  purpose. 
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In  this-  manner.  Sir  J.  Herschel  ascertained  nnmerically  the  com- 
parative brightness  of  a  considerable  number  of  stars  under  the 
fourth  magnitude,  and  has  given,  in  his  ''Cape  Observations''  a 
catalogue,  exhibiting  the  relative  magnitudes  to  two  places  of 
decimals. 

8321.  Principle  on  tohich  the  svccesgive  orders  of  steUar  mag" 
nitude  thould  be  based.  —  Astronomers  are  not  agreed  as  to  the 
optical  conditions  by  which  the  successive  orders  of  stellar  mag- 
nitudes should  be  fixed.  It  might  appear,  at  first  view,  that  a  star 
of  the  second  magnitude  ought  to  have  one  half  the  brightness  of 
one  of  the  first  magnitude,  that  a  star  of  the  third  magnitude  ought 
to  have  one  third  of  the  brightness,  and  so  on. 

But  such  a  proportion  would  not  be  at  all  in  accordance  with  the 
common  classification  of  magnitudes. 

The  more  generally  received  condition  has  been  a  succession  of 
magnitudes,  such  as  a  ftar  of  a  given  intrinsic  lustre  would  have  if 
removed  to  a  series  of  distances  increasing  in  arithmetical  pro- 
gression. Thus,  stars  of  the  first  magnitude  would  be  at  the  unit 
of  the  stellar  distance ;  those  of  the  second  magnitude  would  have  a 
lustre  due  to  twice  this  distance;  those  of  the  third  magnitude,  to 
three  times  this  .distance,  and  so  on.  Now,  since  the  apparent  lustre 
of  an  object  is  in  the  proportion  of  the  inverse  square  of  the 
distance,  it  would  follow  that,  in  this  system;  the  succession  of 
brightness  would  be  as  the  numbers  1,  i,  ^,  j^^,  and  so  on. 

Meanwhile,  whatever  may  be  the  principle  adopted  for  this  clas- 
sification, the  astrometrio  expedient  contrived  by  Sir  John  Herschel^ 
being  sufficient  for  the  numerical  estimation  of  the  relative  bright- 
nesses of  dififerent  stars,  it  will  be  sufficient  to  determine  a  variety 
of  interesting  and  important  problems  respecting  the  absolute  lustre 
and  magnitudes  of  those  objects,  not  only  compared  with  each  other, 
but  with  the  sun. 

8322.  Comparative  lustre  of  a  Centauri  with  that  of  the  fuU 
moon.  —  By  means  of  the  instrument  described  above,  Sir  J. 
Herschel  compared  the  full  moon  with  certain  fixed  stars,  and 
ascertained,  by  a  mean  of  eleven  observations,  that  its  lustre  bore 
to  that  of  the  star  a  Centauri,  which  he  selected  as  the  standard  star 
of  the  first  magnitude,  the  ratio  of  27408  to  1 ;  in  other  words,  he 
showed  that  a  cluster  consisting  of  27408  stars  equal  in  brightness 
to  that  of  a  Centauri  would  give  the  same  light  as  the  full  moon. 

8323.  Comparison  of  the  lustre  of  the  full  moon  with  that  of  the 
sun.  —  Dr.  Wollaston  by  certain  photometric  methods  which  are 
considered  to  have  been  susceptible  of  great  precision,  compared  the 
light  of  the  sun  with  that  of  the  full  moon,  and  found  that  the  ratio 
was  801072  to  1 ;  or  in  other  words,  that  to  obtain  moon-light  as 
intense  in  its  lustre  as  sun-light,  it  would  be  necessary  that  801072 
full  moons  should  be  stationed  in  the  firmament  together. 

57*  ^ 
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3824.  Oomparttan  of  the  9un't  light  with  that  of^  Centawri.  — 
By  the  combination  of  these  obBervations  by  Henchel  and  Wol- 
laston^  we  are  supplied  with  means  of  bringing  into  direct  numerical 
comparison  the  sun  and  the  star  o  Gentauri.  Since  it  appears  that 
the  light  of  a  Centauri  is  27408  times  less  than  that  of  the  full 
moott;  while  the  light  of  the  fiill  moon  is  801072  times  leas  than 
that  of  the  sun^  it  will  eridently  follow,  that  if  we  express  by  8  the 
light  of  the  sun;  and  by  s  that  of  a  Centauri,  we  shall  have 

8  =  27408  X  801072  x  «  =  21955,000,000  x  «; 
that  is  to  say,  the  light  of  the  sun  is  very  nearly  22,000,000^000 
times  more  intense  than  that  of  a  CentaurL 

To  generalise  these  results,  m  express  the  ratio  of  the  light  of 
the  full  moon  to  that  of  any  star,  as  determined  by  Herachel's 
astrometer,  we  shall  then  haye, 

8  =  801072  X  m  X  «; 
and  consequently, 

,= ? 

801072  X  m 

8825.  Cotnparuon  of  the  intrinsic  splendour  of  the  tun  and  a 
fxed  star,  —  Since  all  analogy  and  observation  lead  to  the  con- 
clusion, that  the  stars,  like  the  sun,  are  self-luminous  bodies, 
althoagh  no  telescopic  power  which  we  can  command  can  exhibit 
them  with  a  sensible  disk,  it  cannot  be  doubted  that  they  are,  like 
the  sun,  spherical  bodies.  If,  then,  i  express  the  intrinsic  bright- 
ness, or  what  is  the  same,  the  absolute  quantity  of  li^ht  emitted  by 
a  superficial  unit  of  the  visible  surface  of  such  a  sphere,  and  if  M 
express  the  superficial  magnitude  of  the  hemi^here  presented  to 
the  eye,  the  total  quantity  of  light  emitted,  or  total  intrinsic  lustre, 
will  be  expressed  by  I  X  M.  Sut  the  apparent  lustre,  will  accord- 
ing to  the  common  optical  law,  decrease  as  the  square  of  the  dis- 
tance of  the  observer  increases,  and  consequently,  if  I  X  M  express 

M 

the  lustre  at  the  unit  of  distance,  i  X  -^  will  express  it  at  the  dis- 
tance D,  so  that  we  shall  have 

I  X  M  =  L  X  D*. 

If  the  apparent  lustre,  and  the  distance  of  the  star,  therefore,  be 
both  known,  the  intrinsic  lustre,  which  depends  conjointly  upon  the 
magnitude  of  the  luminous  surface  exposed  to  view  and  its  intrinsic 
brightness,  will  be  known. 

3826.  Astrometer  suggested  hy  Dr.  Lardner, — ^To  bring  a  fixed 
star  into  immediate  comparison  with  the  sun,  and  to  obtain  a  mea- 
sure of  the  visual  magnitude  of  the  star,  supposing  it  to  have  an 
intrinsic  lastre  equal  to  that  of  the  sun,  would  be  easy  if  the  dis- 
tance could  be  ascertained  to  which  it  would  be  necessary  to  remove 
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the  san^  so  that  it  shall  present  to  the  eye  the  same  ap])arent  lustre 
as  the  star,  for  in  that  case  the  visual  magnitude  of  the  sun^ 
which  could  he  calculated  by  means  of  its  real  magnitude  and 
distance,  would  neccssarilj  he  equal  to  the  visual  magnitude  of  the 
star.  In  this  manner,  a  visual  angle  too  small  to  he  ascertained  by 
direct  instrumental  measurement;  would  he  determined  by  indirect 
means. 

Let  e?  =  the  real  diameter  of  the  sun,  d  =  the  distance  to  which 
it  would  be  necessary  to  remove  it  from  the  observer,  so  that  it 
might  present  to  the  eye  the  same  appearance  as  a  given  star,  and 
let  f>  =  its  visual  diameter  at  that  distance.     We  should  then  have, 

t"  =  206266  X  d 

— f 

D 

and  p  would  then  he  the  visual  angle  subtended  by  the  star,  if  the 
star  be  supposed  to  have  the  same  intrinsic  lustre  as  the  sun.  But 
if  the  star  be  supposed  to  have  a  greater  or  less  intrinsic  lustre  than 
the  sun,  then  the  visual  magnitude  of  the  star  will  be  greater  or 
less  than  f. 

Although  the  sun  cannot  be  removed  to  increased  distances,  the 
same  optical  effect  may  be  produced  by  the  following  expedient. 

Let  A  B  0  D  be  a  tube  like  that  of  a  telescope,  furnished  with  a 
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diaphragm  at  b  o,  so  constructed  that  by  sliding  pieces  a  circular 
aperture,  having  a  diameter  variable  at  pleasure  within  practical 
limits,  may  be  made  in  its  centre.  Let  a  sliding  tube  having  au 
eye-hole  in  a  diaphragm  at  the  end  of  it,  like  that  in  the  eye-piece 
of  a  telescope,  be  attached  to  the  other  end  A  D  of  the  tube,  so  that 
the  distance  of  the  eye-hole  from  the  variable  aperture  m  n  may  be 
varied  at  pleasure  within  practical  limits.  It  is  evident,  that  the 
diameter  of  the  aperture  m  n,  and  the  distance  from  E  to  m  n,  being 
known,  the  visual  angle  subtended  by  m  n  at  e  will  be  determined. 
If  the  tube  thus  constructed  and  arranged  be  directed  to  the  disk 
of  the  sun,  a  circular  part  of  that  disk  having  any  desired  visual 
diameter,  can  be  made  visible  to  an  eye  placed  at  E.  This  can 
always  be  accomplished  within  limits  by  the  variation  of  the  diame- 
ter m  n  of  the  aperture^  aod  the  variation  of  the  distance  of  B  from 
tnn. 
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But,  by  a  well-understood  principle  of  optics  (1132),  the  circnhr 
part  of  the  sun's  disk  visible  through  the  aperture,  has  exactly  the 
same  appearance  both  in  apparent  magnitude  and  brightness,  as  the 
sun  itself  would  have  if  it  were  removed  to  such  a  distance  from 
the  observer,  that  it  would  subtend  the  same  visual  angle  aa  ^i 
subtended  by  the  aperture  m  n  at  the  eye  e. 

If  then,  the  apparatus  be  so  adjusted,  that  the  apparent  lustre  of 
the  part  of  the  sun  seen  through  the  aperture,  shall  be  equal  as 
exactly  as  can  be  determined  by  an  observation  of  this  kind,  to  the 
apparent  brightness  of  any  star,  it  will  follow,  that  the  visual  angle 
subtended  by  the  aperture  seen  from  E,  will  be  equal  to  the  visual 
angle  subtended  by  the  star ;  and  as  the  former  can  be  calculated 
by  knowing  the  real  diameter  of  the  aperture  and  its  distance  from 
X,  the  latter  can  be  inferred. 

In  the  practical  application  of  this  method,  the  difficulty  arises 
from  not  being  able  to  bring  the  luminous  point  seen  in  the  tube, 
into  immediate  juxtaposition  with  the  star  with  which  it  is  com- 
pared. The  observer  must  rely  upon  his  judgment  and  memory  of 
the  apparent  brightness  of  the  stars,  to  determine  when  that  of  the 
luminous  point  seen  in  the  tube  is  equal  to  it. 

8327.  Comparison  of  the  sun  and  a  Centauri — There  will  be 
no  difficulty  in  the  application  of  this  principle  to  all  stars  whose 
parallax  and  relative  distance  with  reference  to  a  known  standard, 
has  been  determined.  Take,  for  example,  the  case  of  a  Centauri. 
By  Herschers  astrometric  estimate,  we  have  for  this  star^ 


L  = 


21,955,006,000' 


8  still  expressing  the  light  of  the  sun. 

It  appears  by  Henderson's  observations,  that  the  parallax  of  this 
star  is  0*913",  which  corresponds  to  a  distance  of  225916  seoii- 
diameters  of  the  earth's  orbit.     We  shall  consequently  have 

225916'        _  ^  ^^^ 
'  ^  ^  -  21,955,000,000  "'^■'*^^- 

It  follows,  therefore,  that  this  star,  placed  where  the  sun  is,  would 
have  2*324  times  its  splendour  or  illuminating  power. 

NoW;  this  may  arise  either  from  the  star  having  a  greater  super- 
ficial magnitude  than  the  sun  in  that  proportion,  or  if  it  have  the 
same  superficial  magnitude,  having  greater  intensity  of  light.  But 
whichever  may  be  the  case,  it  is  certain  that  its  illuminating  power 
would  be  greater  than  that  of  the  sun,  in  the  ratio  of  2*324  to  1. 

3328.  Comparison  of  the  sun  and  Sirius,  —  Sir  John  Herschel 
found  by  his  astrometric  observations^  that  the  lustre  of  the  Dog- 
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star  is  four  times  that  of  »  Centanri.  For  the  Dog-star  we  shall 
havC;  therefore, 

s 

^■"5,488,750,000' 

and  since  it  appears,  by  the  observations  of  Peters,  that  the  parallax 
of  this  star  is  0*230",  its  distance  will  be  896800  semidiameters  of 
the  earth's  orbit.     We  shall  consequently  have,  for  Sirius, 

896800'  ^,a^o^ 

'^.''=5;488;750;000=^^«-^^* 

From  which  it  appears  that  Sirius  is  a  san,  whose  Instre  is  such 
as,  if  placed  in  the  centre  of  the  solar  system,  would  diffuse  a  light 
to  the  surrounding  planets  146*53  times  more  intense  than  that 
afforded  by  the  actual  sun.  If,  therefore,  the  intensity  of  the  lustre 
of  the  surface  of  this  stupendous  sphere  be  equal  to  that  of  the  sun, 
it  must  have  a  diameter  12  11  times  greater  than  that  of  our  sun; 
and  since  the  diameter  of  the  latter  is  882,000  miles,  that  of 
Sirius  would  be. 

882000  X  1211  =  10,676,600  miles. 

8329.  Astrometrtc  table  of  190  principal  stars, — In  the  fol- 
lowing table  (see  pp.  682-3,)  are  collected  the  results  of  the  ob- 
servations of  Sir  J.  Herschel,  for  the  determination  of  the  relative 
lustre  of  190  principal  stars.  In  addition  to  their  astrometric  mag- 
nitudesy  as  determined  by  Sir  J.  Herschel^  we  have  computed  from 
the  data  supplied  by  him,  their  relative  brightness  compared  with 
that  of  the  star  a  Centauri  as  a  standard,  and  also  their  light  in  bil* 
lionths  of  the  light  of  the  sun. 

3330.  Use  of  the  telescope  in  stellar  observations,  —  Since  no 
telescope,  however  great  might  be  its  power,  has  ever  presented  a 
fixed  star  with  a  sensible  disk,  it  might  be  inferred  that,  for  the 
purposes  of  stellar  investigation,  the  importance  of  that  instrument 
must  be  inferior  to  that  which  it  may  claim  in  other  applications. 
Nevertheless  it  is  certain,  that  in  no  department  of  physical  science 
has  the  telescope  produced  such  wonderful  results  as  in  its  applica- 
tion to  the  analysis  of  the  starry  heavens. 

Two  of  the  chief  conditions  necessary  to  distinct  vision  are,  first, 
that  the  image  on  the  retina  shall  have  sufficient  magnitude;  or, 
what  is  equivalent  to  this,  that  the  object  or  its  image  shall  subtend 
at  the  eye  a  visual  angle  of  sufficient  magnitude  (1116);  and, 
secondly,  it  must  be  sufficiently  illuminated  (1100).  "When,  by 
reason  of  their  distance  from  the  observer,  visible  objects  fail  to 
__- rf —         .. 

*  8ir  J.  Hergchel  makes  the  proportion  68  02  which  is  certainly  incorrect, 
that  being  the  ratio  of  the  intrinsic  brightness  of  Sirius  to  that  of  «  Cen- 
tauri and  not  that  of  Sirius  to  the  sun.    See  Astronomy,  p.  663,  edit.  1849 
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TABLE. 

List  of  190  stars,  from  the  first  to  the  third  magnitude  inclusiTe,  with  their  mag- 
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fulfil  either  or  both  of  these  conditions;  the  telescope  is  capable  of 
restablishing  them.  It  augments  the  visual  angle  by  Bul»titating 
for  the  distant  object,  which  the  obserrer  cannot  approach;  an 
optical  image  of  it  close  to  his  eye,  which  he  can  approach }  and  it 
augments  the  illumination  by  collecting;  on  each  point  of  snch 
image,  as  many  rays  as  can  enter  the  aperture  of  the  object  glass, 
instead  of  the  more  limited  number  which  can  enter  the  pupil  of  the 
naked  eye;  allowance,  nevertheless,  being  made  for  the  light  loet  by 
reflection  from  the  surfaces  of  the  lenses,  and  by  the  imperfect 
transparency  of  their  material. 

The  increase  of  the  visual  angle  is  determined  by  the  ratio  of  the 
focal  length  of  the  object  glass  to  that  of  the  eye  glass  (1212),  and 
the  iocrease  of  illumination  is  determined  by  the  ratio  of  the  area 
of  the  aperture  of  the  object  glai?s  to  that  of  the  pupil,  which  areas 
arc  proportional  to  the  squares  of  the  diameters  of  the  object  glass 
and  the  pupil.  The  illumination  will,  therefore,  vary  in  the  ratio 
of  the  squares  of  the  aperture  of  the  telescope. 

To  explain  the  effect  of  the  telescope  applied  to  stellar  observa- 
tion, let  the  sun  or  any  similar  object  be  imagined  to  be  transferred 
to  a  gradually  increased  distance  from  the  observer.  The  effect  will 
be  the  gradual  decrease  of  its  visual  diameter,  and  a  corresponding 
decrease  of  the  image  on  the  retina.  The  brightness  or  intensity 
of  illumination  of  that  image  will  remain  always  the  same  (1132); 
and,  consequently,  the  total  quantity  of  light  which  falls  upon  it 
will  be  decreased  in  the  exact  ratio  of  its  superficial  magnitude, — 
that  is,  in  the  ratio  of  the  square  of  its  diameter.  But  this 
diameter  is  always  proportional  to  the  visual  angle  subtended  at  the 
eye  by  the  object;  and  this  angle  decreases  as  the  distance  of 
the  object  increases.  It  follows,  therefore,  that  the  total  quantity 
of  light  incident  on  the  retioa,  from  the  same  or  similar  objects 
at  different  distances,  decreases  as  the  square  of  the  distance  in- 
creases. 

Now,  let  the  distance  of  the  sun  from  the  observer  be  imagined 
to  be  increased  until  the  visual  angle  becomes  so  small  that  no  sen- 
sible impression  of  the  form  or  magnitude  of  the  object  is  produced. 
Let  this  distance  be  expressed  by  d'.  The  appearance  of  the  sun 
would  then  be  that  of  a  mere  luminous  point,  without  apparent 
magnitude  or  form.  It  would  in  fact,  therefore,  have  the  same 
appearance  as  that  of  a  star  or  planet.  Vision  would  depend  on  the 
mere  excitation  of  the  retina  by  the  quantity  of  light  acting  upon  it, 
and  not  on  the  form  or  magnitude  of  the  picture  produced  upon  it 
The  first  of  the  above-mentioned  conditions  of  distinct  vision  would 
fail  to  be  fulfilled,  but  the  second  would  be  still  fulfilled.  Light 
without  form  or  magnitude  would,  therefore,  be  the  sensible  impres- 
sion on  the  observer. 

If  we  now  imagine  the  sun  to  continue  to  be  transferred  to 
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greater  and  greater  distances,  tlie  image  on  the  retina  will  be  pro- 
portionally diminished  in  magnitude;  but  as  its  magnitude  has 
already  oeased  to  be  sensible  because  of  its  minuteness,  this  decrease 
of  magnitude  will  necessarily  also  be  insensible.  But  the  total 
quantity  of  light  falling  upon  the  retina  will  also  be  decreased, 
and  this  decrease  will  be  in  the  ratio  of  the  increase  of  the  square 
of  the  distance.  Now,  since  the  apparent  brightness  of  the  lumi- 
nous point  to  which  the  sun  would  be  in  this  case  reduced,  must 
depend  altogether  on  the  total  quantity  of  light  falling  on  the  retina 
this  brightness  will  be  in  the  inverse  ratio  of  the  square  of  the 
distance. 

Let  il  be  the  total  quantity  of  light  falling  on  the  retina,  or  the 
apparent  brightness  of  the  object  at  the  distance  d'  at  which  it 
ceases  to  have  a  sensible  disk,  and  let  l  be  its  apparent  brightness, 
at  any  greater  distance  d.  We  shall  then,  according  to  what  has 
just  been  explained,  have 

L  :  l'  : :  d''  :  D*; 
and  consequently, 

,     d" 

from  which  it  appears  again  that  L  will  decrease  as  b'  increases. 

By  the  continual  increase  of  b,  therefore,  the  apparent  brightness 
of  the  luminous  point  to  which  the  object  has  been  reduced,  would 
be  continually  diminished,  and  it  would  successively  assume  the 
appearance  of  stars  of  less  and  less  magnitude,  until  at  length  the 
quantity  of  light  falling  on  the  retina  would  become  so  small  that 
it  would  be  insufficient  to  produce  a  sensible  impression  on  the 
organ,  and  the  object  would  cease  to  be  seen.  Let  the  distance  at 
which  this  would  take  place  be  d''. 

It  appears,  then,  that  in  the  gradations  of  the  optical  impression 
produced  by  such  a  continually  receding  object,  there  are  two  limitr 
ing  distances,  the  lesser  x/  at  which  it  ceases  to  have  scAsible  mag- 
nitude but  continues  to  be  visible  as  a  lucid  point,  and  the  greater 
d"  at  which  it  ceases  to  be  seen  altogether ;  and  that  at  intermediate 
distances  B  it  appears  as  a  lucid  point  of  all  degrees  of  brightness, 
less  than  that  which  it  has  at  the  distance  b'. 

If  this  reasoning  be  applied  to  different  objects,  it  is  evident  that 
the  distance  b'  will  vary  with  the  real  diameter  of  the  object,  and 
will  bo  exactly  proportional  to  it.  The  distance  b''  for  objects  hav- 
ing the  same  real  diameter,  will  vary  with  their  intrinsic  lustre,  or 
the  relative  quantities  of  light  which  they  emit  from  their  visible 
hemispheres,  and  will  be  greater  in  the  ratio  of  the  square  root  of 
the  abisolute  quantity  of  light  emitted. 

If  a  telescope  be  directed  to  a  star  at  any  distance  B  greater  than 
b",  its  magnifying  power  will  be  incapable,  however  great  it  may 
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bC;  of  angmeuting  tbe  visual  aBgle  to  such  an  extent  as  to  render  it 
greater  than  it  would  be^  if  the  star  were  at  the  distance  d',  at  which 
the  visual  angle  becomes  so  small  as  to  be  inappreciable  by  the  eye. 
But  in  the  same  case,  the  power  of  the  telescope  to  increase  the 
quantity  of  light  which  enters  the  pupil;  will  produce  effects  which 
are  not  only  very  sensible,  but  which  may  be  increased  almost 
indefinitely,  by  augmenting  the  aperture  of  the  telescope.  In  this 
way,  although  the  magnifying  power  is  altogether  inefficacious  so 
far  as  relates  to  the  visual  angle  of  the  object,  its  power,  so  far  as 
relates  to  the  increase  of  light  or  increase  of  apparent  brightness  of 
the  object,  becomes  of  the  greatest  importance.  Thus  it  is  evident, 
that  a  telescope  of  a  certain  aperture  directed  to  a  star  of  the  sixth 
magnitude,  the  light  of  which,  according  to  the  estimate  of  Sir  J. 
Herschel,  is  about  the  100th  part  of  the  light  of  such  a  star  of  the 
first  magnitude  as  a  Centauri,  would  render  it  equal  in  apparent 
brightness  to  the  latter,  and  would,  therefore,  have  the  effect  of 
bringing  it  so  much  nearer  to  the  observer,  as  the  distance  of  an 
average  star  of  the  first  magnitude  is  less  than  an  average  star  of 
the  sixth  magnitude.  But  since  the  apparent  brightness  decreases 
as  the  square  of  the  distance  increases,  it  follows  that  a  star  of  the 
sixth  magnitude,  being  100  times  less  bright  than  a  star  of  the  first 
magnitude,  will  be  10  times  more  distant  The  telescope,  there- 
fore, in  this  case,  would  have  the  effect  of  bringing  the  star  10 
times  nearer  to  the  observer. 

By  knowing  the  relation  of  the  aperture  of  the  telescope,  whether 
it  be  a  refractor  or  reflector,  to  the  magnitude  of  the  pupil,  and  the 
proportion  of  light  lost  in  being  transmitted  to  the  eye  by  the  lenses 
or  specula  of  the  instrument,  it  is  easy  to  calculate  the  ratio  in  which 
it  will  increase  the  apparent  brightness  of  a  star,  and  this  ratio 
being  known,  it  will  be  easy  to  ascertain  how  much  more  distant 
such  a  star  is  than  one  which  to  the  naked  eye  would  have  the  same 
apparent  brightness. 

Let  m  express  the  ratio  in  which  the  telescope  increases  the 
apparent  brightness  L  of  a  star,  and  let  l'  bo  the  brightness  of  the 
same  star  seen  through  the  telescope.     We  should  then  have 

l'  ==  m  X  L. 

Now,  let  d  be  the  distance  of  the  star,  and  let  d'  be  the  distance 
at  which,  seen  with  the  naked  eye^  it  would  have  the  brightness  l'. 
We  shall  then  have 

vid  therefore,  • 
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The  star  is;  therefore,  brought  nearer  to  the  observer  in  the  ratio 

of  \/m  to  1.  _ 

3331.  Spctce-penetrating  potoer. — This  number  Vm  which  ex- 
presses the  power  of  the  telescope  to  bring  a  star  nearer  to  the 
observer,  or  what  is  the  same,  to  enable  the  observer  to  see  distant 
stars  with  the  same  degree  of  distinctness  or  brightness  a&  if  they 
were  at  less  distances,  is  called  the  bpace-penetratinq  power. 

Thus,  if  the  light  of  a  star  of  the  sixth  magnitude  be  100  times 
less  than  that  of  a  star  of  the  first  magnitude,  a  telescope  which 
would  augment  the  light  100  times,  would  exhibit  it  with  the  same 
apparent  brightness  as  a  star  of  the  first  magnitude ;  and  for  such 
a  telescope  we  should  have  m  =  100,  and  therefore  Vm  =  10,  so 
that  the  star  of  the  sixth  magnitude  would  be  ten  times  more  dis- 
tant than  the  stars  of  the  first  magnitude. 

Thus,  for  example,  the  reflecting  telescope  used  by  Sir  William 
Herschel,  in  some  of  his  principal  stellar  researches,  had  an  aper- 
ture of  eighteen  inches,  and  twenty  feet  focal  length  with'a  magni- 
fying power  of  180.  The  space-penetrating  power  of  this  instru- 
ment was  found  to  be  seventy-five,  the  meaning  of  which  is,  thai 
when  directed  to  a  star  of  any  given  brightness,  it  would  augment 
its  brightness  so  as  to  make  it  appear  the  same  as  it  would  be  if  at 
seventy-five  times  less  distance,  or  what  is  the  same,  that  a  star 
which  to  the  naked  eye  would  appear  of  the  same  brightness  as  that 
star  does  when  seen  in  the  telescope  would  require  to  be  removed  to 
seventy-five  times  the  actual  distance,  so  that  when  seen  through 
the  telescope  it  would  have  the  brightness  it  has  when  seen  with 
the  naked  eye.  Thus  a  star  of  the  sixth  magnitude,  if  removed  to 
seventy-five  times  the  actual  distance,  would  appear  in  such  an  in- 
strument still  as  a  star  of  the  sixth  magnitude  would  to  the  naked 
eye,  and  if  we  assume  with  Sir  John  Herschel,  that  a  star  of  the 
sixth  magnitude  has  a  hundred  times  less  light  than  a  Centauri, 
and  is  therefore  at  ten  times  a  greater  distance,  it  will  follow  that  a 
Centauri  would  require  to  be  removed  to  seven  hundred  and  fifty 
times  its  actual  distance,  so  that  when  viewed  through  such  a  tele- 
soope  it  would  be  seen  as  a  star  of  the  sixth  magnitude  is  to  the 
naked  eye. 

If,  then,  it  be  assumed,  as  it  may  fairly  be,  that  among  the  innu- 
merable stars  which  are  beyond  the  range  of  unaided  vision,  and 
brought  into  view  by  the  telescope,  a  large  proportion  must  have 
the  same  magnitude  and  intrinsic  brightness,  as  the  average  stars 
of  the  first  magnitude,  it  will  follow  that  these  must  be  at  distances 
750  tiroes  greater  than  the  distance  of  an  average  star  of  tho  first 
magnitude,  such  as  a  Centauri.  But  it  has  been  already  shown 
(3308,)  that  the  distance  of  o  Centauri  is  such  that  light  would 
require  3*54325  years  to  come  from  it  to  the  earth.     It  would, 
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tberefore^  foUow  that  the  distance  of  the  telescopic  stars  jost  refemd 
to,  must  be  such  that  light  would  take  to  come  from  them  to  the 

3-54325  X  750  =  2657-4375  years. 
If  it  be  desired  to  ascertain  the  distance  pf  such  stars,  taking  the 
earth's  distance  from  the  sun  as  the  unity  we  shall  have 

225916  X  750  =  169,437,000. 

It  appears,  therefore,'that  the  distance  of  such  a  star  would  be 
about  one  hundred  and  seventy  million  times  the  distance  of  the 
sun,  and  since  the  distance  of  the  sun  expressed  in  round  numbers 
is  one  hundred  millions  of  miles,  it  will  follow  that  the  distance  of 
such  a  star  is  scyenteen  thousand  billions  of  miles. 

We  arrive,  therefore,  at  the  somewhat  astonishing  concloaon  that 
the  distance  of  these  objects,  the  existence  of  which  the  telescope 
alone  has  disclosed  to  us,  must  be  suph  that  light,  moving  at  the 
rate  of  192000  miles  per  second,  takes  upwards  of  2600  years  to 
come  from  them  to  us,  and  consequently  that  the  objects  we  now 
see  are  not  those  which  now  exist,  but  those  which  did  exist  2600 
years  ago ;  and  it  is  within  the  scope  of  physical  possibility  that 
they  may  have  changed  their  conditions  of  existence,  and  conse- 
quently of  appearance,  or  even  have  ceased  to  exist  altogether,  more 
than  2000  years  ago,  although  we  actually  see  them  at  this  moment. 

This  incidentally  shows  that  the  actual  perception  of  a  visible 
object  is  no  conclusive  evidence  of  its  present  existence.  It  is  onlj 
a  proof  of  /its  existence  at  some  anterior  period. 

3332.  Telescopic  stars,  —  It  appears,  therefore,  that  there  are 
numerous  orders  of  stars,  which  by  reason  of  their  remoteness  are 
invisible  to  the  naked  eye,  but  which  are  rendered  visible  by  the 
telescope ;  and  these  stars  are,  like  those  visible  to  the  naked  eye, 
of  an  infinite  variety  of  degrees  of  magnitude  and  brightness,  and 
have  accordingly  been  classed  by  astronomers  according  to  an  order 
of  magnitudes  in  numerical  continuation  of  that  which  has  been 
somewhat  indefinitely  or  arbitrarily  adopted  for  the  visible  stars. 
Thus,  supposing  that  the  last  order  of  stars  visible  without  telescopic 
aid  is  the  seventh,  the  first  order  disclosed  by  the  telescope  will  be 
the  eighth,  and  from  these  the  telescopic  stars,  decreasing  in  mag- 
nitude, have  been  denominated  the  ninth,  the  tenth,  eleventh,  Ac., 
to  the  sixteenth  or  seventeenth  magnitude,  the  last  being  the 
smallest  stars  which  are  capable  of  being  rendered  distinctly  visible 
by  the  most  powerful  telescope. 

8333.  Stellar  nomenclature,  —  Besides  the  classification  of  stars 
according  to  their  estimated  degrees  of  magnitude  or  brightness, 
they  are  also  designated  according  to  their  distribution  over  the 
imaginary  sur&ce  of  the  celestial  sphere.  Whether  the  apparent 
grouping  of  these  objects  depends  on  any  physical  relation  existing 
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between  the  members  composing  each  group,  or  is  the  result  of  the 
fortuitous  relation  of  the  visual  lines  directed  to  them,  the  principal 
collections  of  the  more  conspicuous  stars  thus  placed  in  near  appa- 
rent vicinity,  have  been  recognised  from  the  most  remote  antiquity, 
and  such  groups  have  been  commonly  denominated  constellations. 

Although  in  certain  cases,  it  is  probable  that  some  physical  rela- 
tion may  exist  between  the  more  close  neighbours  in  these  constel- 
lations, it  is  certain  that  the  apparent  juxta-position  and  relative 
arrangement  of  the  component  stars  generally  is  altogether  for- 
tuitous. Imagination  has,  however,  connected  them  together,  and 
invested  such  constellations  with  the  forms  of  mythological  figures, 
animals,  such  as  bears,  dogs,  lions,  goats,  serpents,  and  so  on,  from 
which  they  severally  take  their  names.  Unreasonable  as  such  a 
system  must  be  allowed  to  be,  it  is  not  without  its  use  as  a  means 
of  reference  and  an  artificial  aid  to  the  memory.  That  a  better 
system  of  signs  and  symbols  might  have  been  devised  for  these 
purposes,  may  be  admitted^  but  when  it  is  considered  that  the 
names  and  forms  of  the  most  conspicuous  constellations  have  had 
their  origin  in  remote  antiquity — that  they  were  handed  down  from 
the  Chaldeans  to  the  Egyptians,  from  the  Egyptians  to  the  Greeks, 
and  from  these  to  the  moderns  —  that  they  are  referred  to  in  the 
works  of  every  past  astronomer,  and  registered  in  the  memory  of 
every  living  observer — that  they  are  associated  with  the  productions 
of  art,  and  supply  illustrations  to  the  orator  and  the  poet  —  it  will 
be  readily  admitted  that,  even  though  a  general  change  of  the  stel- 
lar nomenclature  and  symbols  were  practicable,  it  would  neither  be 
advantageous  nor  advisable. 

As  an  example  of  a  constellation,  the  group  of  seven  conspicuous 
stars,  arranged  nearly  in  the  form  of  a  note  of  interrogation,  visible 
in  the  northern  part  of  the  firmament,  and  in  these  latitudes  always 
above  the  horizon,  may  be  referred  to.  This  constellation  is  called 
Ursa  major  (the  great  bear).  The  seven  stars  are  only  the  more 
conspicuous  of  those  which  compose  the  constellation,  the  entire 
number  being  eighty-seven,  most  of  them,  however,  being  tele- 
scopic ;  of  the  seven  chief  stars  one  only  is  of  the  first  magnitude, 
three  of  the  second,  and  three  of  the  third. 

The  seven  principal  stars  of  this  constellation  being  all  less  than 
forty  degrees  from  the  north  pole,  will  be  always  above  the  horizon 
in  latitudes  greater  than  forty  degrees.  Hence  it  is  that  this  con- 
stellation is  so  familiarly  known.  They  may  serve  as  standards  or 
moduli  by  which  the  astronomical  amateur  may  estimate  the  orders 
,of  magnitudes  of  the  stars  generally.  It  is  in  the  quarter  of  the 
Leavens  opposite  to  that  in  which  the  sun  is  in  the  month  of  March, 
and  is  therefore  visible  at  midnight  near  the  meridian  above  the 
pole  at  that  season.  In  the  month  of  September  it  is  visible  at  mid- 
night below  the  pole. 

68* 
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The  stars  which  compose  a  eoDstellation  are  designated  nsaallj 
by  the  letters  of  the  Greek  alphabet,  the  first  letters  being  gene- 
rally assigned  to  the  most  conspicuous.  The  order  of  the  letters, 
however,  does  not  always  follow  strictly  the  order  of  magnitudes. 
When  the  stars  are  not  designated  by  letters,  they  are  distingoished 
by  numbers,  and  this  is  mostly  the  case  with  the  smaller  stars. 

It  is  usual  to  express  the  constellations  by  their  Latin  names, 
and  to  designate  the  individual  stars  by  the  letter  or  number  and 
the  constellation,  as  a  LyrsSj  fi   Ursss  maJoriSj  61  Ophiuchij  24 

In  the  cases  of  some  of  the  more  conspicuous  stars,  such  as  have 
been  objects  of  observation  in  remote  ages,  they  are  also  frequently 
distinguished  by  proper  names.  Thus,  a  Cants  major  As  more  com- 
monly called  Sirtusj  and  sometimes  the  Dog^tary  and  is  known  as 
the  most  resplendent  of  the  fixed  stars.  In  like  manner  a  PUcU  is 
always  called  Fomalhaut,  a  and  jS  Gemini  are  called  Cazior  and 
FoUuXj  p  Ononis  is  known  as  Rigel^  »*  Tauri  as  Aldebaran,  a  Fer- 
ginis  as  Spica^  a  Bootis  as  Arcturus,  and  so  on. 

The  practical  usefulness  of  the  imaginary  figures  which  give 
names  to  the  constellations,  will  thus  be  understood.  If  we  desire 
to  express  the  position  of  the  star  •;  Ursm  majoris,  for  example,  we 
say  that  it  is  at  the  tip  of  ike  tail  of  the  Great  Bear.  We  indi- 
cate, in  like  manner,  the  place  of  three  remarkable  stars,  by  saying 
that  they  form  the  belt  of  Orion,  and  another  Rigel  by  saying  that 
it  is  on  his  foot.  The  star  Sirius  is  on  the  nose  of  Canis  major, 
and  the  bright  star  ^  on  his  right  thigh. 

3334.  Use  of  pointers,  —  Those  who  desire  to  obtidn  an  acquaint- 
ance with  the  stars,  will  find  much  advantage  in  practising  the 
method  of  pointers^  by  which  the  position  of  conspicuous  stars  with 
which  the  observer  is  well  acquainted  is  used  to  ascertain  the  places 
of  others  which  are  less  known  and  less  easily  identified.  This 
method  consists  in  assigning  two  conspicuous  stars  so  placed,  that  a 
straight  line  imagined  to  be  drawn  between  them,  and  continued  if 
necessary  in  the  same  direction,  will  pass  through  or  near  the  star 
whose  position  it  is  desired  to  ascertain. 

The  most  useful  example  of  the  application  of  this  method,  is  the 
case  of  the  pole  star,  which  is  a  Ursse  minoris,  a  star  of  the  third 
magnitude.  Let  the  observer  direct  his  eye  to  the  two  conspicuous 
stars,  a  and  fi  Ursm  majorisj  and  supposing  a  straight  line  drawn 
from  0  to  a,  let  him  carry  his  eye  along  that  line  beyond  a  to  a 
distance  about  six  times  the  space  between  a  and  ^,  he  will  arrive 
at  the  Pole  Star. 

8335.  Use  of  star  maps,  —  To  comprehend  the  preceding  para- 
graphs, and  profit  by  the  instructions  given  in  them,  it  vrill  be 
necessary  for  the  student  to  have  in  his  hands  a  set  of  star  maps. 


MAGNITUDE  AND  LUSTRE  Of  THE  STARS.  691 

The  Guide  to  the  Stars*  will  be  found  to  be  one  of  tbe  most 
convenient  works  for  this  purpose.  In  the  maps  there  given,  will 
be  found  indications  of  the  most  useful  applications  of  this  method 
of  pointing. 

3336.  U»e  of  the  cdestial  gUjiye,  —  A  celestial  globe  may  be 
defined  to  be  a  working  model  of  the  heavens.  It  is  mounted  like 
a  common  terrestrial  globe.  The  visible  hemisphere  is  bounded  by 
the  horizontal  circle  in  which  the  globe  rests.  The  brass  circle  at 
right  angles  to  this,  is  the  celestial  meridian.  The  constellations 
with  outlines  of  the  imaginary  figures  from  which  they  take  their 
names,  are  delineated  upon  it. 

The  globe  will  serve,  not  merely  as  an  instrument  of  instruction, 
but  will  prove  a  ready  and  convenient  aid  to  the  amateur  in  astro- 
nomy, superseding  the  necessity  of  many  calculations  which  are 
often  discouraging  and  repulsive,  however  simple  and  easy  they  may 
be  to  thoso  who  are  accustomed  to  such  inquiries.  Most  of  the 
almanacs  contain  tables  of  tbe  principal  astronomical  phenomena,  of 
the  places  of  the  sun  and  moon,  and  of  the  principal  planets  as  well 
as  the  times  when  the  most  conspicuous  stars  are  on  the  meridian 
after  sunset.  These  data,  together  with  a  judicious  use  of  the  globe 
and  a  tolerable  telescope,  will  enable  any  person  to  extend  his 
acquaintance  with  astronomy,  and  even  to  become  a  useful  contri- 
butor to  the  common  stock  of  information  which  is  now  so  fisist 
increasing  by  the  zeal  and  ability  of  private  observers  in  so  many 
quarters  of  the  globe. 

To  prepare  the  globe  for  use,  let  small  marks  (bits  of  paper 
gummed  on  will  answer  the  purpose)  be  placed  upon  it,  to  indicate 
the  positions  of  the  sun,  moon,  and  planets,  at  the  time  of  observing 
the  heavens.  The  place  of  the  sun  on  the  ecliptic  is  usually  marked 
on  the  globe  itself.  If  not,  its  right  ascension  (that  is,  its  distance 
from  the  vernal  equinoctial  point,  measured  on  the  celestial  equator), 
and  its  declination,  (that  is,  its  distance  north  or  south  of  the 
equator),  are  given  in  the  almanac,  for  every  day.  The  moon's 
right  ascension  and  declination  are  likewise  given. 

3337.  To  find  the  place  of  an  object  on  the  globe  when  its  right 
ascension  and  declination  are  known. — Find  the  point  on  the 
equator  where  the  given  right  ascension  is  marked.  IHirn  the  globe 
on  its  axis  till  this  point  be  brought  under  the  meridian.  Then 
count  off  an  arc  of  the  meridian  (north  or  south  of  the  equator,  ac- 
cording as  the  declination  is  given)  of  a  length  equal  to  the  given 
declination,  and  the  point  of  the  globe  immediately  under  the  point 
of  the  meridian  thus  found,  will  be  the  place  of  the  object.  By 
this  rule,  the  position  on  the  globe  of  any  object  of  which  the  right 

*  TweWe  Planispheres,  forming  a  Guide  to  the  Stars  for  every  Night  in 
the  Tear,  with  an  Introduction.  —  Taylor  and  Walton,  London. 
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asceDsion  and  declination  are  known,  may  be  immediately  foand, 
and  a  correspondins  mark  put  upon  it. 

To  adjust  the  globe  so  as  to  use  it  as  a  guide  to  the  position  of 
objects  on  the  Heavens,  and  as  a  means  of  identifying  the  stars  and 
learning  their  names,  let  the  lower  clamping-screw  of  the  meridian 
be  loosened,  and  let  the  north  pole  of  the  gldbe  be  elevated  by 
moving  the  brass  meridian  until  the  arc  of  this  meridian  between 
the  pole  and  the  horizon  be  equal  to  the  latitude  of  the  place  of 
observation.  Let  the  clam  ping- screw  be  then  tightened,  so  as  to 
maintain  the  meridian  in  this  position.  Let  the  globe  be  then  so 
placed  that  the  brass  meridian  shall  be  directed  due  north  and  south, 
the  pole  being  turned  to  the  north.  This  being  done,  the  globe 
will  correspond  with  the  heavens  so  far  as  relates  to  the  poles,  the 
meridian,  and  the  points  of  the  horizon. 

To  ascertain  the  aspect  of  the  firmament  at  any  hour  of  the  night, 
it  is  now  only  necessary  to  turn  the  globe  upon  its  axis  until  the 
mark  indicating  the  place  of  the  sun  shall  be  under  the  horizon  in 
the  same  position  as  the  sun  itself  actually  is  at  the  hour  in  ques- 
tion. To  effect  this,  let  the  globe  be  turned  until  the  mark  indi- 
cating the  position  of  the  sun  is  brought  under  the  meridian. 
Observe  the  hour  marked  on  the  point  of  the  equator  which  is  then 
under  the  meridian.  Add  to  this  hour  the  hour  at  which  the  obser- 
vation  is  about  to  be  taken,  and  turn  the  globe  until  the  point  of 
the  equator  on  which  is  marked  the  hour  resulting  from  this  addi- 
tion is  brought  under  the  meridian.  The  position  of  the  globe  will 
then  correspond  with  that  of  the  firmament.  Every  object  on  the 
one  will  correspond  in  its  position  with  its  representative  mark  or 
symbol  on  the  other.  If  we  imagine  a  line  drawn  from  the  centre 
of  the  globe  through  the  mark  upon  its  surface  indicating  any  star, 
such  a  line,  if  continued  outside  the  surface  toward  the  heavens, 
would  be  directed  to  the  star  itself. 

For  example,  suppose  that  when  the  mark  of  the  sun  is  brought 
under  the  meridian,  the  hour  5h.  40m.  is  found  to  be  on  the  equator 
at  the  meridian,  and  it  is  required  to  find  the  aspect  of  the  heavens 
at  half-past  ten  o'clock  in  the  evening. 

To    5     40 

Add 10    30 

16     10 

Let  the  globe  be  turned  until  16h.  10m.  is  brought  under  the  me- 
ridian, and  the  aspect  given  by  it  will  be  that  of  the  heavens. 
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CHAP.  xxvn. 

PEBIODIO^  TEMPORARY,  AND  MULTIPLE   STARS. — ^PROPER  MOTION 
OP  STARS. — MOTION  OP  THE  SOLAR  SYSTEM. 

3338.  Telescopic  observations  on  individuaJ  stars.  —  Besides 
bringing  within  the  range  of  observation  objects  placed  beyond  the 
sphere  which  limits  the  play  of  natural  vision,  the  telescope  has 
greatly  multiplied  the  number  of  objects  visible  within  that  sphere, 
by  enabling  us  to  see  many  rendered  invisible  by  their  minuteness, 
or  confounded  with  others  by  their  apparent  proximity.  Among 
the  stars  also  which  are  visible  to  the  naked  eye,  there  are  many, 
respecting  which  the  telescope  has  disclosed  circumstances  of  the 
highest  physical  interest,  by  which  they  have  become  more  closely 
allied  to  our  system,  and  by  which  it  is  demonstrated  that  the  same 
material  laws  which  coerce  the  planets,  and  give  stability,  uni- 
f(»'mity,  and  harmony  to  their  motions,  are  also  in  operation  in  the 
most  remote  regions  of  the  universe.  We  shall  first  notice  some  of 
the  most  remarkable  discoveries  respecting  individual  stars,  and 
shall  afterwards  explain  those  which  indicate  the  arrangement, 
dimensions,  and  form  of  the  collective  mass  of  staz«  which  compose 
the  visible  firmament,  and  the  results  of  those  researches  whieh  the 
telescope  has  enabled  astronomers  to  make  in  regions  of  space  still 
more  remote. 

I.  PERIODIC  STARS. 

8339.  Stars  of  variable  lustre,  —  The  stars  in  general,  as  they 
are  stationary  in  their  apparent  positions,  are  equaOy  invariable  in 
their  apparent  magnitudes  and  brightness.  To  this,  however,  there 
are  several  remarkable  exceptions.  Stars  have  been  observed, 
sufficiently  numerous  to  be  regarded  as  a  distinct  class,  which 
exhibit  periodical  changes  of  appearance.  Some  undergo  gradual 
and  alternate  increase  and  diminution  of  magnitude,  varying  between 
determinate  limits,  and  presenting  these  variations  in  equal  intervals 
of  time.  Some  are  observed  to  attain  a  certain  maximum  magni- 
tude, from  which  they  gradually  and  regularly  decline  until  they 
altogether  disappear.  After  remaining  for  a  certain  time  invisible, 
they  re-appear  and  gradually  increase  till  they  attain  their  maximum 
splendour,  and  this  succession  of  changes  is  regularly  and  period!- 
<»lly  repeated.     Such  objects  are  called  periodic  stars, 

3340.  Remarkable  stars  of  this  class  in  the  constellations  of 
Cetus  and  Perseus.  —  The  most  remarkable  of  this  class  is  the  star 
called  Omikron^  in  the  neck  of  the  Whale,  which  was  first  observed 
by  David  Fabricius,  on  the  13  th  August,  1596.  This  star  retains 
its  greatest  brightness  for  about  fourteen  days,  being  then  equal  to 
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a  large  star  of  the  second  magnitude.  It  then  decreases  continnallj 
for  three  months  until  it  hecomes  invisible.  It  remains  invisible 
for  five  months,  when  it  re-appears,  and  increases  gradually  for 
three  months  until  it  recovers  its  maximum  splendour.  This  is 
the  general  succession  of  its  phases.  Its  entire  period  is  about 
832  days.  This  period  is  not  adways  the  same,  and  the  gradations 
of  brightness  through  which  it  passes  are  said  to  be  subject  to  varia- 
tion. Hevelius  states  that,  in  the  interval  between  1672  and  1676, 
it  did  not  appear  at  all. 

Some  recent  observations  and  researches  of  M.  Argelander, 
render  it  probable  that  the  period  of  this  star  is  subject  to  a  varia- 
tion which  is  itself  periodical,  the  period  being  alternately  aug- 
mented and  diminished  to  the  extent  of  25  days.  The^variadoDS 
of  the  maximum  lustre  are  also  probably  periodical. 

The  star  called  Algols  in  the  head  of  MediLsa,  in  the  constellation 
of  Perseus^  affords  a  striking  example  of  the  rapidity  with  which 
these  periodical  changes  sometimes  succeed  each  other.  This  star 
generally  appears  as  one  of  the  second  magnitude ;  but  an  interval 
of  seven  hours  occurs  at  the  expiration  of  every  sixty-two,  during 
the  first  three  hours  and  a  half  of  which  it  gradually  diminishes  in 
brightness  till  it  is  reduced  to  a  star  of  the  fourth  magnitude,  and 
during  the  remainder  of  the  interval  it  again  gradually  increases 
until  it  recovers  its  original  magnitude.  Thus,  if  we  suppose  it  to 
have  attained  its  maximum  splendour  at  midnight  on  the  first  day 
of  the  month,  its  changes  would  be  as  follows : — 

D.        H.        X.         B.     H.         X. 

0     0     0  to  2  14     0  It  appears  of  second  magnitude. 

2  14     0  to  2  17  24  It  decreases  gradually  to  fourth  magnitude! 

2  17  24  to  2  20  48  It  increases  gradually  to  second  magnitude. 

2  20  48  to  5  10  48  It  appears  of  second  magnitude. 

5  10  48  to  5  14  12  It  decreases  to  fourth  magnitude. 

5  14  12  to  5  17  86  It  increases  to  second  magnitude. 
&c.  &c.  &Q. 

This  star  presents  an  interesting  example  of  its  class,  as  it  is  con- 
stantly visible,  and  its  period  is  so  short  that  its  succession  of  phases 
may  be  frequently  and  conveniently  observed.  It  is  situate  near 
the  foot  of  the  constellation  Andromeda^  and  lies  a  few  degrees 
north-east  of  three  stars  of  the  fourth  magnitude  which  form  a 
triangle. 

Goodricke,  who  discovered  the  periodic  phenomena  of  Algcl  in 
1782,  explained  these  appearances  by  the  supposition  that  some 
opaque  body  revolves  round  it,  being  thus  periodically  interposed 
between  the  earth  and  the  star,  so  as  to  intercept  a  large  portion  of 
Its  light. 

The  more  recent  observations  on  this  star  indicate  a  decrease  of 
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its  period,  which  proceeds  with  accelerated  rapidity.  Sir  J.  Her- 
schel  thinks  that  this  decrease  will  attain  a  limit,  and  will  he  fol- 
lowed hy  an  increase,  so  that  the  variation  of  the  period  will  prove 
itself  to  be  periodic. 

The  stars  6  in  Cepheus  and  3  in  Lyra  are  remarkable  for  the 
regular  periodicity  of  their  lustre.  The  former  passes  from  its 
least  to  its  greatest  lustre  in  thirty-eight  hours,  and  from  its  greatest 
(p  its  least  in  ninety-one  hours.  The  changes  of  lustre  of  the  latter, 
according  to  the  recent  observations  of  Argelander,  are  very  com- 
plicated and  curious.  Its  entire  period  is  12  days  21  hrs.  53  min. 
10  sec.,  and  in  that  time  it  first  increases  in  lustre,  then  decreases, 
then  increases  again,  and  then  decreases,  so  that  it  has  two  maxima 
and  two  minima.  At  the  two  maxima  its  lustre  is  that  of  a  star 
of  the  34  magnitude,  and  at  one  of  the  minima  its  lustre  is  that  of  a 
star  of  the  43,  and  at  the  other  that  of  a  star  of  the  4*5  magnitude. 

In  this  case  also  the  period  of  the  star  is  found  to  be  periodically 
yariable. 

3341.  Table  of  the  periodic  stars.  —  In  the  foUowing  Table  the 
stars  periodically  variable,  discovered  up  to  1848,  are  given,  with 
their  periods  and  extremes  of  lustre.  This  Table  has  been  coUeoted 
from  various  astronomical  records  by  Sir  J.  Herschel. 
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N.  B.  In  the  preceding  list  the  letters  B.  A.  C.  indicate  the  eatalogae  of  the 
British  Association,  B.  the  eatalogae  of  Bode.  Numbers  before  the  name  of  the 
constellation  (as  34  Cygni)  denote  Flamsteed's  stars.  8inee  thia  Table  iras 
drawn  up,  foor  additional  stars,  variable  fh>m  the  8th  or  9th  magnitude  to  9, 
have  been  communicated  to  us  by  Mr.  Hind,  whose  places  are  as  follows:  (l.j 
B.  A.  1"  38-  24- ;  II.  p.  D.  810  9'  39" ;  (2.)  4"  50-  42-,  SO®  6'  36"  (1848);  (3.) 
8'«43-8-,  86°  ll'(1800);  (4.)  22"  12- 9«,  82®  59' 24"  (1800).  Mr.  Hind  remarks 
that  about  several  variable  stars  some  degree  of  haxiness  is  perceptible  at  their 
minimum.  Have  they  clouds  revolving  round  them  as  planetary  or  eometary 
attendants?  Ho  also  draws  attention  to  the  fact  that  the  red  colour  predomi- 
nates among  variable  stars  generally.  The  double  star,  No.  2718  of  Struve's 
Catalogue,  r.  ▲.  20"  34-  p.  d.  77°  54',  Is  sUted  by  Sir  John  Herschel  to  be 
variable.  Captain  Smyth  (Celestial  Cycle,  L  274)  mentions  also  3  Leonis  and 
18  Leonis  as  variable,  the  former  from  6-  to  0,  p  *=  78  days ;  the  latter  from 
5-  to  10-,  p  »  311'  23",  but  without  citing  any  anthority.  Piaui  seta  down  96 
and  97  Virginia  and  38  Herculis  as  variable  stars. 

In  the  case  of  maDj  of  the  stare  in  the  preceding  Table,  the  varia- 
tions of  lustre  are  subject  to  considerable  irregularities.  Thus  No. 
13  was  scarcely  visible  from  1698,  for  the  interval  of  three  years, 
even  at  the  epochs  when  it  ought  to  have  had  its  greatest  lustre. 
The  extremes  of  lustre  of  No.  9  are  also  very  variable  and  irregular. 
In  general  the  variations  of  No.  22  are  so  inconsiderable  as  to  he 
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scarcely  perceivable,  but  tbej  become  suddenly  so  great  that  the 
star  wholly  disappears.  The  variations  of  No.  25  were  very  con- 
spicuous from  1886  to  1840,  and  again  in  1849,  being  much  leas 
so  in  the  intermediate  time. 

3842.  Hypoihesei  proposed  to  explain  the  phenomena, — Several 
explanations  have  been  proposed  for  these  appearances. 

1.  Sir  W.  Herschel  considered  that  the  supposition  of  the 
existence  of  spots  on  the  stars  similar  to  the  spots  on  the  sun,  com- 
bined with  the  rotation  of  the  stars  upon  axes,  similar  to  the  rota- 
tion of  the  sun  and  planets,  afforded  so  obvious  and  satisfactoiy  an 
explanation  of  the  phenomena,  that  no  other  need  be  sought. 

2.  Newton  conjectured  that  the  variation  of  brightness  might  be 
produced  by  comets  falling  into  distant  suns  and  causing  temporary 
conflagrations.  Waiving  any  other  objection  to  this  conjecture,  it 
is  put  aside  by  its  insufficiency  to  explain  the  periodicity  of  the 
phenomena. 

8.  Maupertuis  has  suggested  that  some  stars  may  have  the  form 
of  thin  flat  disks,  acquired  either  by  extremely  rapid  rotation  on  an 
axis,  or  other  physical  cause.  The  ring  of  Saturn  affords  an 
example  of  this,  within  the  limits  of  our  own  system,  and  the 
modem  discoveries  in  nebular  astronomy  offer  other  examples  of  a 
like  form.  The  axis  of  rotation  of  such  a  body  might  be  subject  to 
periodical  change  like  the  nutation  of  the  earth's  axis,  so  that  the 
flat  side  of  the  luminous  disk  might  be  present  more  or  less  towards 
the  earth  at  different  times,  and  when  the  edge  is  so  presented,  it 
might  be  too  thin  to  be  visible.  Such  a  succession  of  phenomena 
are  actually  exhibited  in  the  case  of  the  rings  of  Saturn,  though 
proceeding  from  different  causes. 

4.  Mr.  Dunn*  has  conjectured  that  a  dense  atmosphere  surround- 
ing the  stars,  in  different  parts  more  or  less  pervious  to  light,  may 
explain  the  phenomena.  This  conjecture,  otherwise  vague,  inde- 
finite, and  improbable,  totally  fails  to  explain  the  periodicity  of  the 
phenomena. 

0.  It  has  been  suggested  that  the  periodical  obscuration  or  total 
disappearance  of  the  star,  may  arise  from  transits  of  the  star  by  its 
attendant  planets.  The  transits  of  Yenus  and  Mercury  are  the 
basis  of  this  conjecture. 

The  transits  of  none  of  the  planets  of  the  solar  system,  seen  from 
the  stars,  could  render  the  sun  a  periodic  star.  The  magnitudes, 
even  of  the  largest  of  them,  are  altogether  insufficient  for  such  an 
effect.  To  this  objection  it  has  been  answered  that  planets  of  vastly 
greater  comparative  magnitude  may  revolve  round  other  suns.  But 
if  the  magnitude  of  a  pianet  were  sufficient  to  produce  oy  its  transit 
these  considerable  obscurations,  it  must  be  very  little  inferior  to  the 
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magnitude  of  the  sun  itself,  or  at  all  events,  it  must  bear  a  very 
considerable  proportion  to  the  magnitude  of  the  sun ;  in  wbieh  case 
it  may  be  objected  that  the  predominance  of  attraction  necessary  to 
maintain  the  sun  in  the  centre  of  its  system  could  not  be  secured. 
To  this  objection  it  is  answered,  that  although  the  planet  may  have 
a  great  comparative  magnittide,  it  may  have  a  very  small  compara- 
tive densiti/,  and  the  gravitating  attraction  depending  on  the  aetaal 
mass  of  matter,  the  predominance  of  the  solar  mass  may  be  rendered 
consistent  with  the  great  relative  magnitude  of  the  planet  by  sup- 
posing the  density  of  the  one  vastly  greater  than  that  of  the  other. 
The  density  of  the  sun  is  much  greater  than  the  density  of  Saturn. 

6.  It  has  been  suggested  that  there  may  be  systems  in  which  the 
central  body  is  a  planet  attended  by  a  lesser  sun  revolving  round  it 
as  the  moon  revolves  round  the  earth,  and  in  that  case  the  periodical 
obscuration  of  the  sun  may  be  produced  by  its  passage  once  in  each 
revolution  behind  the  central  planet 

Such  are  the  various  conjectures  which  have  been  proposed  to 
explain  the  periodic  stars;  and  as  they  are  merely  conjectures, 
scarcely  deserving  the  name  of  hypotheses  or  theoriesi  we  shall 
leave  them  to  be  taken  for  what  they  are  worth. 

n.   TEMFOBABY  STABS. 

Phenomena  in  most  respects  similar  to  those  just  described,  but 
exhibiting  no  recurrence^  repetition,  or  periodicity,  have  been 
observed  in  many  stars.  Thus,  stars  have  from  time  to  time 
appeared  in  various  parts  of  the  iSrmament,  have  shone  with  extra- 
ordinary splendour  for  a  limited  time^  and  have  then  disappeared 
and  have  never  again  been  observed. 

3343.  Temporary  stan  9een  in  ancient  times. — ^The  first  star  of 
this  class  which  has  been  recorded,  is  one  observed  by  JHtpparckuSj 
125  B.  c,  the  disappearance  of  which  is  said  to  have  led  that  astro- 
nomer to  make  his  celebrated  catalogue  of  the  fixed  stars ;  a  work 
which  has  proved  in  modern  times  of  great  value  and  interest.  In 
the  389th  year  of  our  era,  a  star  blazed  forth  near  a  AquifaSf  which 
shone  for  three  weeks,  appearing  as  splendid  as  the  planet  Venus, 
after  which  it  disappeared,  and  has  never  since  been  seen.  In  the 
years  945,  1264,  and  1572,  brilliant  stars  appeared  betweefi  the 
constellations  of  Cepheut  and  Cassiopeia,  The  accounts  of  the 
positions  of  these  objects  are  obscure  and  uncertain,  but  the  inter- 
vals between  the  epochs  of  their  appearances  being  nearly  equal,  ic 
has  been  conjectured  that  they  were  successive  returns  of  the  same 
periodic  star,  the  period  of  which  is  about  300  years,  or  poesiblj 
half  that  interval. 

The  appearance  of  the  star  of  1572  was  very  remarkable,  and 
having  been  witnessed  by  the  most  eminent  astronomers  of  that  daj. 
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the  account  of  it  may  be  considered  to  be  well  entitled  to  confidence. 
Tyclu>  Brahe,  happening  to  be  on  his  return  on  the  evening  of  the 
11th  November  from  hia  laboratory  to  his  dwelling-house,  found  a 
crowd  of  peasants  gazing  at  a  star  which  he  was  sure  did  not  exist 
half  an  hour  before.  This  was  the  temporary  star  of  1572,  which 
was  then  as  bright  a^  the  Dog-star,  and  continued  to  increase  in 
splendour  until  it  surpassed  Jupiter  when  that  planet  is  most  bril- 
liant, and  finally  it  attained  such  a  lustre,  that  it  was  visible  at  mid- 
day. It  began  to  diminish  in  December,  and  altogether  disappeared 
in  March,  1574. 

On  the  10th  October,  1604,  a  splendid  star  suddenly  burst  out 
in  the  constellation  of  SerpentariuSf  which  was  as  bright  as  that  of 
1572.     It  continued  visible  till  October,  1605,  when  it  vanished. 

8344.  Temporary  star  observed  hy  Mr.  Hiiid.  —  A  star  of  the 
fiftii  magnitude,  easily  visible  to  the  naked  eye,  was  seen  by  Mr. 
Hind  in  the  constellation  of  Ophiuchua,  on  the  night  of  the  28th 
April,  1848.  From  the  perfect  acquaintance  of  that  observer  with 
the  region  of  the  firmament  in  which  he  saw  it,  he  was  quite  certain 
that,  previous  to  the  5th  April,  no  star  brighter  than  those  of  the 
ninth  magnitude  had  been  there,  nor  is  there  any  star  in  the  cata- 
logues at  all  corresponding  to  that  which  he  saw  there  on  the  28th. 
This  star  continued  to  be  seen  until  the  advance  of  the  season  and 
its  low  altitude  rendered  it  impossible  to  be  observed.  It,  however, 
constantly  diminished  in  lustre  until  it  disappeared^  and  has  not 
since  been  seen. 

3345.  Mimng  $tar»,  —  To  the  class  of  temporary  stars  may  be 
referred  the  cases  of  numerous  stars  which  have  disappeared  from 
the  firmament  On  a  careful  examination  of  the  heavens,  and  a 
comparison  of  the  objects  observed  with  former  catalogues,  and  of 
catalogues  ancient  and  modern  with  each  other,  many  stars  formerly 
known  are  now  ascertained  to  be  missing;  and  although,  as  Sir 
John  Hersehel  observes,  there  is  no  doubt  that  in  many  instances 
these  apparent  losses  have  proceeded  from  mistaken  entries,  yet  it  is 
equally  certain  that  in  numerous  cases  there  can  have  been  no  mis- 
take in  the  observation  or  the  entry,  and  that  the  star  has  really 
existed  at  a  former  epoch,  and  as  certainly  has  since  disappeared. 

When  we  consider  the  vast  length  of  many  of  the  periods  of  as* 
tronomical  phenomena,  it  is  far  from  being  improbable  that  these 
phenomena  which  seem  to  be  occasional,  accidental,  and  springing 
from  the  operation  of  no  regular  physical  causes,  such  as  those  indi- 
cated by  the  class  of  variable  stars  first  considered,  may  after  all  be 
periodic  stars  of  the  same  kind,  whose  appearances  and  disappear- 
ances are  brought  about  by  similar  causes.  All  that  can  be  certainly 
known  respecting  them  is,  that  they  have  appeared  or  disappeared 
once  in  that  brief  period  of  time  within  which  astronomical  obser* 
vations  have  been  made  and  recorded.     If  they  be  periodio  8tar8| 
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the  leogth  of  whose  period  exceeds  that  interval^  their  chanees 
could  only  have  been  once  exhibited  to  us,  and  after  ages  haye  rolled 
away,  and  time  has  converted  the  future  into  the  past,  astronomers 
may  witness  the  next  occurrence  of  their  phases,  and  discover  that 
to  be  regular,  harmonious,  and  periodic,  which  appears  to  us  acci- 
dental, occasional,  and  anomalous. 

in.    DOUBLE   STARS. 

When  the  stars  are  examined  individually  by  telescopes  of  a 
certain  power,  it  is  found  that  many  which  to  the  naked  eye  appear 
to  be  single  stars  are  in  reality  two  stars  placed  so  close  t(^ther 
that  they  appear  as  one.     These  are  called  double  stars, 

3346.  Researches  of  Sir  W.  and  Sir  J.  Eierschel.  —  A  very 
limited  number  of  these  objects  had  been  discovered  before  the 
telescope  had  received  the  vast  accession  of  power  which  was  given 
to  it  by  the  labour  and  genius  of  Sir  William  Hcrschel.  That  as- 
tronomer observed  and  catalogued  500  double  stars ;  and  subsequent 
observers,  among  whom  his  son^  Sir  John  Herschel,  holds  the  fore- 
most place,  have  augmented  the  number  to  6000. 

3347.  Stars  optically  double. — The  close  apparent  juxta-position 
of  two  stars  on  the  firmament  is  a  phenomenon  which  might  be 
easily  explained,  and  which  could  create  no  surprise.  Such  an 
occurrence  would  be  produced  by  the  accidental  circumstances  of 
the  lines  of  direction  of  the  two  stars  as  seen  from  the  earth,  form- 
ing a  very  small  angle,  in  which  case,  although  the  two  stars  might 
in  reality  be  as  far  removed  from  each  other  as  any  stars  in  the 
heavens,  they  would  nevertheless  appear  close  together.  The  JU^. 
874^  will  render  this  easily  understood.     Let  a  and  h  be  the  two 


Fig.  874. 

stars  seen  from  c.  The  star  a  will  be  seen  relatively  to  &,  as  if  it 
were  at  <f,  and  the  two  objects  will  seem  to  be  in  close  juxtaposi- 
tion ;  and  if  the  angle  under  the  lines  c  a  and  c  &  be  less  than  the 
sum  of  the  apparent  semi-diameters  of  the  stars,  they  would  actually 
appear  to  touch. 

3348.   This  supposition  not  generally  admissible. — If  such  ob- 
jects were  few  in  number,  this  mode  of  explaining  them  might  be 


DOUBLE  STARS.  701 

admitted ;  and  such  may,  in  fact,  be  tbe  cause  of  the  phenomenon 
in  some  instances.  The  chances  against  such  proximity  of  the  lines 
of  direction  are  however  so  great  as  to  be  utterly  incompatible  with 
the  vast  number  of  double  stars  that  have  been  discovered,  even 
were  there  not,  as  there  is,  other  conclusive  proof  that  this  prox- 
imity and  companionship  is  neither  accidental  nor  merely  apparent, 
but  that  the  connection  is  real,  and  that  the  objects  are  united  by  a 
physical  bond  analogous  to  that  which  attaches  the  planets  to  the 
sun. 

But  apart  from  the  proofs  of  real  proximity  which  exist  respect- 
ing many  of  the  double  stars,  and  which  will  presently  be  explained, 
it  has  been  shown  that  the  probability  against  mere  optical  juxta- 
positioD,  such  as  that  described  above,  is  almost  infinite.  Professor 
Struve  has  shown  that,  taking  the  number  of  stars  whose  existence 
has  been  ascertained  by  observation  down  to  the  7th  magnitude 
inclusive,  and  supposing  them  to  be  scattered  fortuitously  over  the 
entire  firmament,  the  chances  against  any  two  of  them  having  a 
position  so  close  to  each  other  as  4"  would  be  9570  to  1.  But 
when  this  calculation  was  made,  considerably  more  than  100  cases 
of  such  duple  juxtaposition  were  ascertained  to  exist.  The 
same  astronomer  also  calculated  that  the  chances  against  a  third 
star  falling  within  32''  of  the  first  two  would  be  173524  to  one ', 
yet  the  firmament  presents  at  least  four  such  triple  combina- 
tions. 

Among  the  most  striking  examples  of  double  stars  may  be  men- 
tioned the  bright  star  CaMor,  which,  when  sufficiently  magnified, 
is  proved  to  consist  of  two  stars  between  the  third  and  fourth  mag- 
nitudes, within  five  seconds  of  each  other.  There  are  many,  how- 
ever, which  are  separated  by  intervals  less  than  one  second ;  such 
as  <  Arietis^  Atku  Pleiadum,  y  Cknvn»,  9j  and  S  Herculis^  and  t  and 
%  Ophiuchi. 

3349.  Argument  against  mere  cptical  dovhU  stars  derived  from 
their  proper  motion. — ^Another  argument  against  the  supposition  of 
mere  fortuitous  optical  juxtaposition,  unattended  by  any  physical 
connection,  is  derived  from  a  circumstance  which  will  be  fully  ex- 
plained hereafter.  Certain  stars  have  been  ascertained  to  have  a 
proper  motion j  that  is,  a  motion  exclusively  belongiug  to  each  indi- 
vidual star,  in  which  the  stars  around  it  do  not  participate.  Now, 
some  of  the  double  stars  have  such  a  motion.  If  one  individual  of 
the  pair  were  afiected  by  a  proper  motion,  in  which  the  other  doe? 
not  participate,  their  separation  at  some  subsequent  epoch  would 
become  inevitable,  since  one  would  necessarily  move  away  from  the 
other.  Now,  no  such  separation  has  in  any  instance  been  witnessed. 
It  follows,  therefore,  that  the  proper  motion  of  one  equally  affects 
the  other,  and,  consequently,  that  their  juxtaposition  is  real  and  not 
merely  optical. 

59* 
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3850.  Struw^s  dasnfication  of  double  stars.  —  The  ay&tematie 
obaeryation  of  doable  stars,  and  their  reduction  to  a  catalogue  with 
individual  descriptions,  commenced  by  Sir  W.  Herachel,  has  been 
continued  with  great  activity  and  success  by  Sir  J.  Herschel,  Sir 
J.  South,  and  Professor  Stmve,  so  that  the  number  of  these  objects 
now  known,  as  to  character  and  position,  amounts  to  several  tiion- 
sand,  the  individuals  of  each  pair  being  less  than  32"  asund^. 
They  have  been  classed  by  Professor  Strove  aooording  to  their  dis- 
tances asunder,  the  first  class  beine  separated  by  a  distanoe  noi 
exceeding  1",  tiie  second  between  1  and  2",  the  tiiird  between  2^ 
and  4",  the  fourth  between  4"  and  8",  the  fifth  between  8''  and  12", 
the  sixth  between  12"  and  16",  the  seventh  between  16"  and  24", 
and  the  eighth  between  24"  and  32". 

3351.  Selection  of  double  stars, — ^The  double  stars  in  the  foUow- 
ing  Table  have  been  selected  by  Sir  J.  Hersohel  from  Strnve's 
catalogue,  as  remarkable  example?  of  each  ckss  well  adapted  for 
observations  by  amateurs,  who  may  be  disposed  to  try  by  them  the 
efficiency  of  telescopes.     (See  next  page,) 

3352.  Coloured  double  stars.  —  One  of  the  characters  observed 
Hmong  the  double  stars  is  the  frequent  ooourrenoe  of  stan  of  difier- 
ent  colours  found  together.  Sometimes  these  colours  are  oomple- 
mentary(1059);  and  when  this  occurs,  it  Is  possible  that  the  fidnter 
of  the  two  may  be  a  white  star,  which  appears  to  have  the  colour 
complementary  to  that  of  the  more  brilliant|  in  consequence  of  a 
well-understood  law  of  vision,  by  which  the  retina  being  highly 
excited  by  light  of  a  particular  colour  is  rendered  insensible  to 
less  intense  light  of  the  same  colour,  so  that  the  complement  of  the 
whole  light  of  the  fainter  star  finds  the  retina  more  sensible  than 
that  part  which  is  identical  in  colour  with  the  brighter  star,  and 
the  impression  of  the  complementary  colour  acoordingly  prevails. 
In  many  cases^  however,  the  difierence  of  colour  of  the  two  stars 
b  real. 

When  the  colours  are  complementary,  the  more  brilliant  star  is 
generally  of  a  bright  red  or  orange  colour,  the  smaller  appearing 
blueish  or  greenish.  The  double  stars  *  Cancri  and  y  Andromaohsd 
are  examples  of  this.  According  to  Sir  J.  Herschel,  insulated  stars 
of  a  red  colour,  some  almost  blood-red,  occur  in  many  parts  of  the 
heavens;  but  no  example  has  been  met  with  of  a  decidedly  green  or 
blue  star  unassociated  with  a  much  brighter  companion. 

3353.  Triple  and  other  multiple  stars, — ^When  telescopes  of  the 
greatest  efficiency  are  directed  upon  some  stars,  which  to  more  ordi- 
nary instruments  appear  only  double,  they  prove  to  consist  of  three 
or  more  stars.  In  some  cases  one  of  the  two  companions  only  is 
double,  so  that  the  entire  combination  is  triple.  In  others,  both 
are  double,  the  whole  being,  therefore,  a  quadruple  star.  An  ex- 
ample of  this  latter  class  is  presented  by  the  star  c  Lyrse.     Some- 
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times  tbe  third  star  is  much  smaller  than  the  principal  ones,  for 
example,  in  the  cases  of  ^  Cancri,  I  Scorpii,  11  Monocesos,  and  12 
Lyncis.  In  others,  as  in  9  Orionis,  the  four  component  stars  are 
all  conspicuous. 

8354.  Attempts  to  discover  the  stellar  parallax  hy  double  stars, 
—  When  the  attention  of  astronomers  was  first  attracted  to  double 
0tarS|  it  was  thought  they  would  afford  a  most  promising  means  of 

determining  the  annual  parallax,  and  thereby  dis- 
covering the  distance  of  the  stars.  If  we  suppose 
the  two  individuals  composing  a  double  star,  being 
situate  very  nearly  in  the  same  direction  as  seen 
from  the  earth,  to  be  at  very  different  distances, 
it  might  be  expected  that  their  apparent  relative 
position  would  vary  at  different  seasons  of  the 
year,  by  reason  of  the  change  of  position  of  the 
earth. 

Let  A  and  b,  fig,  875,  represent  the  two  in- 
dividuals composing  a  double  star.  Let  c  and  d 
represent  two  positions  of  the  earth  in  its  annual 
orbit,  separated  by  an  interval  of  half  a  year,  and 
placed  therefore  on  opposite  sides  of  the  sun  s. 
When  viewed  from  c,  the  star  B  will  be  to  the 
left  of  the  star  A ;  and  when  viewed  from  D,  it 
will  be  to  the  right  of  it.  During  the  interme- 
diate six  months  the  relative  change  of  position 
would  gradually  be  effected,  and  the  one  star 
would  thus  appear  either  to  revolve  annually 
round  the  other,  or  would  oscillate  semi-annually 
from  side  to  side  of  the  other.  The  extent  of  its 
play  compared  with  the  diameter  c  D  of  the  earth's  orbit,  would 
supply  the  data  necessary  to  determine  the  proportion  which  the 
distance  of  the  stars  would  bear  to  that  diameter. 

The  great  problem  of  the  stellar  parallax  seemed  thus  to  be  re- 
duced to  the  measurement  of  the  small  interval  between  tbe  indi- 
viduals of  double  stars;  and  it  happened  fortunately,  that  the 
micrometers  used  in  astronomical  instruments  were  capable  of 
measuring  these  minute  angles  with  much  greater  relative  accuracy 
than  could  be  attained  in  the  observations  on  greater  angular  dis- 
tances. To  these  advantages  were  added  the  absence  of  all  pos- 
sible errors  arising  from  refraction,  errors  incidental  to  the  gradua- 
tion of  instruments,  from  uncertainty  of  levels  and  plumb-lines, 
from  all  estimations  of  aberration  and  precession ;  in  a  word,  from 
all  effects  which,  equally  affecting  both  the  individual  stars  observed, 
could  not  interfere  with  the  results  of  the  observations  whatever 
they  might  be. 

8355.  Observations  of  Sir  W.  Herschel.  —  These  considerations 
raised  great  hopes  among  astronomers,  that  the  means  were  in  their 
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hands  to  resolve  finally  the  great  problem  of  the  stellar  parallax, 
and  Sir  William  Herschel  accordingly  engaged,  nvith  all  his  charac- 
teristic ardour  and  sagacity,  in  an  extensive  series  of  observations 
on  the  numerous  double  stars,  for  the  original  discovery  of  which 
science  was  already  so  deeply  indebted  to  his  labours.  He  had 
DOt,  however,  proceeded  far  in  his  researches,  when  phenomena  un- 
folded themselves  before  him,  indicating  a  discovery  of  a  much 
higher  order  and  interest  than  that  of  the  parallax  which 'he  sought. 
He  found  that  the  relative  position  of  the  individuals  of  many  of 
the  double  stars  which  he  examined  were  subject  to  a  change,  but 
that  the  period  of  this  change  had  no  relation  to  the  period  of  the 
earth's  motion.  It  is  evident  that  whatever  appearances  can  pro- 
ceed from  the  earth's  annual  motion,  must  be  not  only  periodic  and 
regular,  but  must  pass  annually  through  the  same  series  of  phases, 
always  showing  the  same  phase  on  each  return  of  the  same  epoch 
of  the  sidereal  year.  In  the  changes  of  position  which  Sir  William 
Herschel  observed  in  the  double  stars,  no  such  series  of  phases  pre- 
sented themselves.  Periods,  it  is  true,  were  soon  developed;  but 
these  periods  were  regulated  by  intervals  which  neither  agreed  with 
each  other  nor  with  the  earth's  annual  motion. 

3356.  Ei^  discovery  of  binary  stars.  —  Some  other  explanation 
of  the  phenomena  must,  therefore,  be  sought  for;  and  the  illus- 
trious observer  soon  arrived  at  the  conclusion,  that  these  apparent 
changes  of  position  were  due  to  real  motions  in  the  stars  themselves; 
that  these  stars,  in  &ct,  moved  in  proper  orbits  in  the  same  manner 
as  the  planets  moved  around  the  sun.  The  slowness  of  the  suc- 
cession of  changes  which  were  observed,  rendered  it  necessary  to 
watch  their  progress  for  a  long  period  of  time  before  their  motions 
could  be  certainly  or  accurately  known ;  and  accordingly,  although 
these  researches  were  commenced  in  1778,  it  was  not  until  the  year 
1803  that  the  observer  had  collected  data  sufficient  to  justify  any 
positive  conclusion  respecting  their  orbital  motions.  In  that  and 
the  following  year.  Sir  William  Herschel  announced  to  the  Eoyal 
Society,  in  two  memorable  papers  read  before  that  body,  that  there 
exist  sidereal  systems  consisting  of  two  stars  revolving  about  each 
other  in  regular  orbits,  and  constituting  what  he  called  binary  starsy 
to  distinguish  them  from  double  stars,  ^^enerally  so  called,  in  which 
no  such  periodic  change  of  position  is  discoverable.  Both  the  indi- 
viduals of  a  binary  star  are  at  the  same  distance  from  the  eye  in  the 
same  sense  in  which  the  planet  Uranus  and  its  attendant  satellites 
are  said  to  be  at  the  same  distance. 

More  recent  observation  has  fully  confirmed  these  remarkable 
discoveries.  In  1841,  Madler  published  a  catalogue  of  upwards 
of  100  stars  of  this  class,  and  every  year  augments  their  number. 
These  stars  require  the  best  telescopes  for  their  observation,  being 
generally  so  close  as  to  render  the  use  of  very  high  magnifying 
powers  indispensable. 
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3357.  Extension  of  the  law  of  gravitation  to  the  stars.  —  Tbe 
momeot  the  revolution  of  one  star  round  another  was  ascertained, 
the  idea  of  the  possible  extension  of  the  great  principle  of  gravita- 
tion to  these  remote  regions  of  the  universe  naturally  suggested 
itself.  Newton  has  proved  in  his  Prmcipia,  that  if  a  body  revolve 
in  an  ellipse  by  an  attractive  force  directed  to  the  focus,  that  force 
will  vary  according  to  the  law  which  characterises  gravitation. 
Thus  an  elliptical  orbit  became  a  test  of  the  presence  and  sway  of 
the  law  of  gravitation.  If,  then,  it  could  be  ascertained  that  the 
orbits  of  the  double  stars  were  ellipses,  we  should  at  once  arrive  at 
the  fact  that  the  law  of  which  the  discovery  conferred  such  celebrity 
on  the  name  of  Newton,  is  not  confined  to  the  solar  system^  but 
prevails  throughout  the  universe. 

3358.  Orhit  of  star  around  star  eUipttc.  —  The  first  distinct 
system  of  calculation  by  which  the  true  elliptic  elements  of  the 
orbit  of  a  binary  star  were  ascertained,  was  supplied  in  1830,  by  M. 
Savery,  who  showed  that  the  motion  of  one  of  the  most  remarkable 
of  these  stars  (i  Ursce  majoris),  indicated  an  elliptic  orbit  described 
in  58}  years.  Professor  Enck6,  by  another  process,  arrived  at  the 
fact  that  the  star  60  Ophiuchi  moved  in  an  ellipse  with  a  period  of 
74  years.  Several  other  orbits  were  ascertained  and  computed  bj 
Sir  John  Herschel,  MM.  Madler,  Hind,  Smyth,  and  others. 

The  following  Table  is  given  by  Sir  J.  Herschel,  as  containing  tile 
principal  results  of  observation  in  this  part  of  stellar  astronomy  up 
to  1850. 
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1812-73 

Miidler. 

7.     r  3002 

1-266 

0-44068 

15    8 

137  27 

35  31 

04-766 

1837-41 

Ditto. 

8.  ^Bootls 

9.  XCypni 

12-6fJ0 

0-59374 

360  59 

100  69 

80    6 

117-140 

1779-88 

HerM'hel.jnQ. 

1-Sll 

0-60667 

24  64 

243  24 

46  23 

178-700 

1862-87 

Hind. 

10.     Y  Virginia  ... 

3-580 

0-879r>2 

533 

313  45  |-23  36 

182  I'J) 

1836-43 

Iloi^-cheljan. 

11.  a.     CuKtor 

8-0S6 

0.76820 

58    6 

97  29  70    3 

252  «00 

18.55-83 

Ditto. 

11.  b.        Ditto 

7-OOS 

«/797*-'5 

23    6 

87  37 

70  68 

■-'32-124 

1913  90 

Miidler. 

11.  c.         Ditto 

6-.T<i0 

0-24<in0 

11  24 

356  22 

43  14 

r.12'270 

U^<>-26 

Hind. 

12.  a.  ff  Coronae  B. 

3-918 

0-6997h 

25    7 

64  38 

29  29 

(K18-460 

1826-60 

Madler. 

12.  b.        Ditto 

6-194 

0-72i.60 

21    3 

69  21 

26  39 

736-SSO 

18-20-48 

Rind. 

18.      n  2  BootlK... 

3-218 

0-84010 

117  21 

103  17 

46  67 

ai9-720 

1852-60 

DittOL 

U.      a  Ceotouri .. 

16-600 

0-95000 

86    7   291  22 

47  56 

77-000 

1851-60 

Jacnh. 
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The  elements  Nos.  1,  2,  8,  4,  c,  5,  6,  o,  7,  11  b,  12,  a,  are  extracted  from 
M.  Madler*8  synoptic  view  of  the  history  of  double  stars,  in  vol.  ix.  of  the 
Dorpat  Obaervations :  4  a,  from  the  Connoiss.  des  Temps,  1830:  4  b,  6  b, 
and  11a,  from  vol.  v.  Trans.  Astron.  Soc.  Lond. :  6  a,  from  Berlin  £phe- 
meris,  18^2:  No.  8,  from  Trans.  Astron.  Soc.  vol.  vi. :  No.  9,  11  c,  12  b, 
and  13  from  Notices  of  the  Astronomical  Society,  vol.  vil.  p.  22,  and  viii. 
p.  159,  and  No.  10  fron  Sir  John  Herschel's  **  Results  of  Astronomical  Ob- 
servations, &c.,  at  the  Cape  of  Good  Hope,"  p.  297.  The  2  prefixed  to  No. 
7  denotes  the  number  of  the  star  in  M.  Struve's  Dorpat  Catalogue  (Cata- 
logus  Novus  Steliarum  Dupliclum,  &c^  Dorpat,  1827),  which  contains  the 
places  for  1826  of  3112  of  these  objects. 

The  •*  position  of  the  node  "  in  col.  4  expresses  the  angle  of  position  of 
the  line  of  intersection  of  the  plane  of  the  orbit,  with  tlie  plane  of  the 
hcAvcnj*  on  which  it  is  seen  projected.  The  "inclination"  in  col.  6  is  the 
inclination  of  these  two  planes  to  one  another.  Col.  5  shows  the  angle 
actually  included  in  the  plane  of  the  orbity  between  the  line  of  nodes  (defined 
as  above)  and  the  line  of  apsides.  The  elements  assigned  in  this  table  to 
M  Lcouis,  C  Bootis,  and  Castor  must  be  considered  as  very  doubtful,  and  the 
same  may  perhaps  be  said  of  those  ascribed  to  /i  2  Bootis,  which  rest  on  so 
small  an  arc  of  the  orbit,  and  that  too  imperfectly  observed,  to  afford  a 
secure  basis  of  calculation. 

8359.  Remarkable  case  of  Y 
Virginis.  —  The  most  remark- 
able of  these,  accordiDg  to  Sir 
John  Herschcl,  is  y  Virgxnis ; 
not  only  on  account  of  the 
length  of  its  period,  but  by 
reason  also  of  the  great  dimi- 
nution of  apparent  distance  and 
rapid  increase  of  angular  motion 
about  each  other,  of  the  indi- 
viduals composing  it.  It  is  a 
bright  star  of  the  fourth  mag- 
nitude, and  its  component  stars 
are  almost  exactly  equal.  It 
has  been  known  to  consist  of 
two  stars  since  the  beginning 
of  the  eighteenth  century,  their 
distance  being  then  between 
six  and  seven  seconds ;  so  that 
any  tolerably  good  telescope 
would  resolve  it.  Since  that 
time  they  have  been  constantly 
approaching,  and  are  at  present 
hardly  more  than  a  single  second 
asunder;  so  that  no  telescope 
that  is  not  of  very  superior 
quality,  is  competent  to  show 
Pig.  876.  them  otherwise  than  as  a  single 
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Btar  somewhat  lengtbened  in  one  direction.  It  fortunately  bappeiu 
that  Bradley,  in  1718,  noticed  and  recorded,  in  the  margin  of  one 
of  his  ohserration-booke,  the  apparent  direction  of  their  line  of 
junction  as  being  parallel  to  that  of  two  remarkable  stars  a  and  6  of 
the  same  constellation,  as  seen  by  the  naked  eye.  They  are  entered 
also  as  distinct  stars  in  Mayer's  catalogue;  and  this  affords  also 
another  means  of  recovering  their  relative  situation  at  the  date  of  his 
observations,  which  were  made  about  the  year  1756.  Without  par- 
ticularising individual  measurements,  which  will  be  found  in  their 
proper  repositories,  it  will  suffice  to  remark,  that  their  whole  series 
is  represented  by  an  ellipse. 

3360.  Singular  phenomena  produced  by  one  solar  system  dins 
revolving  round  another.  —  To  understand  the  curious  effects  which 
must  attend  the  case  of  a  lesser  sun  with  its  attendant  planets 
revolviog  round  a  greater,  let  the  larger  sun,  Jig,  876,  with  its 
planets  be  represented  at  s,  in  the  focus  of  an  ellipse,  in  which  the 
lesser  sun  accompanied  by  its  planets  moves.  At  A  this  latter  sua 
is  in  its  perihelion,  and  nearest  to  the  greater  sun  s.  Moving  in  its 
periodical  course  to  B,  it  is  at  its  mean  distance  from  the  sun  s.  At 
D  it  is  at  aphelion,  or  its  most  distant  point,  and  finally  returns  through 
0  to  its  perihelion  A.  The  sun  8,  because  of  its  vast  distance  from 
the  system  A  would  appear  to  the  inhabitants  of  the  planets  of  the 
system  A  much  smaller  than  their  proper  sun ;  but,  on  the  ol^er 
hand,  this  effect  of  disMnce  would  be  to  a  certain  extent  compen- 
sated by  its  greatly  superior  magnitude;  for  analogy  justifies  the 
ioference  that  the  sun  8  is  greater  than  the  sun  A  in  a  proportion 
equal  to  that  of  the  magnitude  of  our  sun  to  one  of  the  planets. 
The  inhabitants  of  the  planets  of  the  system  A  will  then  behold  the 
spectacle  of  two  suns  in  their  firmament  The  annual  motion  of 
one  of  these  suns  will  be  determined  by  the  motion  of  the  planet 
itself  in  its  orbit,  but  that  of  the  other  and  more  distant  sun  will  be 
determined  by  the  period  of  the  lesser  sun  around  the  greater  in  the 
orbit  A  B  D  0.  The  rotation  of  the  planets  on  their  axes  will  produce 
two  days  of  equal  length,  but  not  commencing  nor  ending  simulta- 
neously. There  will  be  in  general  two  sunrises  and  two  sunsets ! 
When  a  planet  is  situate  in  the  part  of  its  orbit  between  the  two 
SUDS,  there  will  be  no  night.  The  two  suns  will  then  be  placed 
exactly  as  our  sun  and  moon  are  placed  when  the  moon  is  full. 
When  the  one  sun  sets,  the  other  will  rise ;  and  when  the  one  rises, 
the  other  will  set.  There  will  be,  therefore,  continual  day.  On  the 
other  hand,  when  a  planet  is  at  such  a  part  of  its  orbit  that  both 
suns  lie  in  nearly  the  same  direction  as  seen  from  it,  both  suns  will 
rise  and  both  will  set  together.  There  will  then  be  the  ordinary 
alternation  of  day  and  night  as  on  the  earth,  but  the  day  will  have 
more  than  the  usual  splendour,  being  enlightened  by  two  suns. 

In  all  intermediate  seasons  the  two  suns  will  rise  and  set  at  dif- 
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ferent  times.  During  a  part  of  the  day  both  will  be  seen  at  onoe  in 
the  heavens,  occupjing  different  places,  and  reaching  the  meridian 
at  different  times.  There  will  be  two  noons.  In  the  morning  for 
some  time,  more  or  less,  according  to  the  season  of  the  year,  one 
snn  only  will  be  apparent,  and  in  like  manner,  in  the  evening,  the 
sun  which  first  rose  will  be  the  first  to  set,  leaving  the  dominion  of 
the  heavens  to  its  splendid  companion. 

The  dinmal  and  annual  phenomena  incidental  to  the  planets 
attending  the  central  sun  s  will  not  be  materially  different,  except 
that  to  wem  the  two  suns  will  have  extremely  different  magnitudes, 
and  will  afford  proportionally  different  degrees  of  light.  The  lesser 
sun  will  appear  much  smaller,  both  on  account  of  its  really  inferior 
magnitude  and  its  vastly  greater  distance.  The  two  days,  therefore, 
when  they  occur,  will  be  of  very  different  splendour,  one  being  pro- 
bably as  much  brighter  than  the  other  as  the  light  of  noonday  is  to 
that  of  full  moonlight,  or  to  that  of  the  morning  or  evening  twilight. 

But  these  singuljur  vicissitudes  of  light  will  become  still  more 
striking,  when  the  two  suns  diffuse  light  of  different  colours.  Let 
us  examine  the  very  common  case  of  the  combination  of  a  crimson 
with  a  blue  sun.  In  general,  they  will  rise  at  different  times. 
When  the  blue  sun  rises,  it  will  for  a  time  preside  alone  in  the 
heavens,  diffusing  a  blue  morning.  Its  crimson  companion,  how- 
ever, soon  appeanng,  the  lights  of  both  being  blended,  a  white  day 
will  follow.  As  evening  approaches,  and  the  two  orbs  descend 
toward  the  western  horizon,  the  blue  sun  will  first  set,  leaving  the 
crimson  one  alone  in  the  heavens.  Thus  a  ruddy  evening  doses 
this  curious  succession  of  varying  lights.  As  the  year  rolls  on, 
these  changes  will  be  varied  in  every  conceivable  manner.  At  those 
seasons  when  the  suns  are  on  opposite  sides  of  the  planet,  crimson 
and  blue  days  will  alternate,  without  any  intervening  night;  and  at 
the  intermediate  epochs  all  the  various  intervals  of  rising  and  setting 
of  the  two  suns  will  be  exhibited. 

3361.  Magnitudes  of  the  stellar  orbits, — It  is  evident  that  in  any 
case  in  which  the  parallax  of  a  binary  star,  and  consequently  its 
distance  from  our  system,  has  been  or  may  be  discovered,  the  mag- 
nitude of  the  orbit  of  one  described  round  the  other  can  be  deter- 
mined with  a  precision  and  certainty  proportional  to  those  with 
which  the  parallax  is  known.  For,  in  that  case,  the  linear  value 
of  V  at  the  star  will  be  found  by  dividing  the  earth's  distance  from 
the  sun  by  the  parallax  expressed  in  seconds. 

The  binary  stars  61  Cj/gni  and  a  Centaurt  supply  examples 
of  the  application  of  this  principle.  The  parallax  of  these  stars 
has  been  ascertained  (2605).  That  of  61  Cygni  is  0*348,  and  the 
semi-axis  of  the  elliptic  orbit  of  one  star  round  the  other  is  15*5". 
The  semi-diameter  of  the  earth's  orbit  being  Dj  therefore,  the  linear 
ni.  60 
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Talue  of  1"  at  tbe  star  is  ^  q,  and  the  semi-axis  a  of  the  stellBr 
orbit  18 

15*5  AM      gM 

It  appears,  therefore,  that  the  semi-axis  of  the  orbit  is  greater  than 
that  of  Neptune's  orbit  in  the  ratio  of  3  to  2. 

The  angle  subtended  by  the  semi-axis  of  the  elliptie  orbit  of 
a  Centauri  is  not  so  certainly  known,  bnt  is  taken  to  be  about 
12".  The  parallax  of  this  star  being  0913",  we  shoold  then 
have 

12 

The  semi-axis  of  the  stellar  orbit  would,  ihercforei  be  about  one-half 
greater  than  the  orbit  of  Saturn. 

3862.  Masses  of  binary  stars  determined  htf  their  parallax  and 
period. — SiDce  bj  (2684)  the  relation  of  the  semi-axis  of  the  orbits 
and  the  periodic  times  determines  the  relative  masses  of  the  central 
bodies,  we  are  enabled  to  compare  the  mass  of  the  central  star  of  a 
binary  system  with  that  of  the  sun,  in  all  cases  in  which  the  real 
semi-axis  of  the  orbit  and  the  periodic  time  are  known.  Thus,  let 
m'  be  the  mass  of  the  central  star,  a'  the  semi-axis  of  the  orbit,  and 
p^  the  periodic  time,  and  let  M  be  the  mass  of  the  sun,  a  the  semi- 
axis  of  the  earth's  orbit,  and  p  the  earth's  period,  and  we  shall 
have 

a'*    a» 

%*'    •    Ui    •   •     •    

M    .  M  .  .  pj  .  ^. 

The  periods  of  the  binary  stars  of  known  parallax  have  not  been 
certainly  determined ;  bnt  if  it  be  assumed,  as  it  may  probably  be, 
that  the  period  of  61  Cygni  is  about  500  times  that  of  the  earth,  we 
shall  have 

44-64»   , 

600«       ' 
and,  therefore, 

m'==0-8538m; 

so  that  the  mass  of  the  central  star  would  be  a  little  more  than 
one-third  of  that  of  the  sun. 


lY.  PBOPEB  MOTION  OF  THE  STABS. 

8363.  In  common  parlance  the  stars  are  said  to  be  fioced.  They 
have  received  this  epithet  to  distinguish  them  from  the  planets, 
the  sun,  and  the  moon,  all  of  which  constantly  undergo  changes 
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of  apparent  podtioQ  on  the  snrfiioe  of  the  heayens.  The  Btan,  on 
the  contrary,  so  &r  as  the  powers  of  the  eye  unaided  by  art  can 
discover,  never  change  their  relative  position  in  the  firmament,  vhich 
eeems  to  be  carried  round  us  by  the  diurnal  motion  of  the  sphere, 
just  as  if  the  stars  were  attached  to  it^  and  merely  shaied  in  its 
apparent  motion. 

But  the  stars,  though  subject  to  no  motion  perceptible  to  the 
naked  eye,  are  not  absolutely  fixed.  When  the  place  of  a  star  on 
the  heavens  is  exactly  observed  by  means  of  good  astronomical  in- 
struments, it  is  found  to  be  subjeet  to  a  change  from  month  to 
month  and  from  year  to  year,  snudl  indeed^  but  still  easily  observed 
and  certainly  ascertained. 

3364.  The  mn  not  a  Jixed  centre.  —  It  has  been  demonstrated 
by  Laplace,  that  a  system  of  bodies,  such  as  the  solar  system,  placed 
in  space  and  submitted  to  no  other  continued  force  except  the  recip- 
rocal attractions  of  the  bodies  which  compose  it,  must  either  have 
its  common  centre  of  gravity  stationary  or  in  a  state  of  uniform 
redtilinear  motion. 

3365.  Effect  of  the  fwrCs  supposed  motion  on  the  apparent  phcei 
of  the  stars. — The  chances  against  the  conditions  which  would  render 
the  sun  stationary,  compared  with  those  which  would  give  it  a  mo- 
tion in  some  direction  with  some  velocity,  are  so  numerous  that  we 
may  pronounce  it  to  be  morally  certain  that  our  system  is  in  motion 
in  some  determinate  direction  through  the  universe.  Now,  if  we 
suppose  the  sun  attended  by  the  planets  to  be  thus  moved  through 
space  in  any  direction,  an  observer  placed  on  the  earth  would  see  the 
effects  of  such  a  motion,  as  a  spectator  in  a  steamboat  movins  on  a 
river  would  perceive  his  progressive  motion  on  the  stream  ny  an 
apparent  motion  of  the  banks  in  a  contrary  direction.  The  observer 
on  the  earth  would,  therefore,  detect  such  a  motion  of  the  solar 
system  through  space  by  the  apparent  motion  in  the  contraiy  direo- 
tion  with  which  the  stars  would  be  affected. 

Such  a  motion  of  the  solar  system  would  affect  different  stars  dif- 
ferently. All  would,  it  is  true,  appear  to  be  affected  by  a  contrary 
motion,  but  all  would  not  be  equally  affected.  The  nearest  would 
appear  to  have  the  most  perceptible  motion,  the  more  remote  would 
he  affected  in  a  less  degree,  and  some  might,  from  their  extreme 
distance,  be  so  slightly  a£cted  as  not  to  exhibit  any  apparent  change 
of  place,  even  when  examined  with  the  most  delicate  instruments. 
To  whatever  decree  each  star  might  be  affected,  all  the  changes  of 
position  would,  however,  apparently  take  place  in  the  same  direction. 

The  apparent  effects  would  also  be  exhibited  in  another  manner. 
The  stars  in  that  region  of  the  universe  toward  which  the  motion 
of  the  system  is  directed,  would  appear  to  recede  from  each  other. 
The  spaces  which  separate  them  would  seem  to  be  gradually  aug- 
mented, while,  on  the  contrary,  the  stars  in  the  opposite  quarter 
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would  seem  to  be  crowded  more  closely  together,  the  distances  be- 
tween star  and  star  being  gradoally  diminished.  This  will  be  more 
dearly  comprehended  by^.  877. 


Rg.  877. 

Let  the  line  s  e!  represent  the  direction  of  the  motion  of  the 
system,  and  let  s  and  s^  represent  its  positions  at  any  two  epochs. 
At  s,  the  stars  A  b  o  would  be  separated  by  intervals  measured  by 
the  angles  A  s  B,  and  B  s  o,  while  at  s'  they  would  appear  separated 
by  the  lesser  angles  A  s'  b,  and  b  s'  o.  Seen  from  s',  the  stars  a  b  o 
would  seem  to  be  closer  together  than  they  were  when  seen  from  8. 
For  like  reason  the  stars  a  be,  towards  which  the  system  is  here 
supposed  to  move,  would  seem  to  be  closer  together  when  seen  from 
8;  than  when  seen  from  ef.  Thus,  in  the  quarter  of  the  heavens 
towards  which  the  system  is  moving,  the  stars  might  be  expected  to 
separate  gradually,  while  in  the  opposite  quarter  they  would  become 
more  condensed.  In  all  the  intermediate  parts  of  the  heavens  they 
would  be  affected  by  a  motion  contrary  to  that  of  the  solar  system. 
Such  in  general  would  be  the  effects  of  a  progi*essive  motion  of  our 
system. 

3366.  Motion  of  the  sun  inferred  from  the  proper  motion  of  the 
gtars, — Although  no  general  effect  of  this  kind  has  been  manifested 
in  any  conspicuous  manner  among  the  fixed  stars,  many  of  these 
objects  have  been  found,  in  long  periods  of  time,  to  have  shifted 
their  position  in  a  very  sensible  degree.  Thus,  for  example,  the 
three  stars,  Sirius,  Arcturas,  and  Aldebaran,  have  undergone,  since 
the  time  of  Hipparchus  (130  B.  0.),  a  change  of  position  southwards, 
amounting  to  considerably  more  than  half  a  degree.  The  double 
star  61  Cygni  has,  in  half  a  century,  moved  through  nearly  4-6', 
the  two  stars  composing  it  being  carried  along  in  parallel  lines  with 
a  common  velocity.  The  stars  e  Indi  and  /*  Cassiopeise  move  at  the 
rate  of  7-74"  and  3-74"  annually. 

Various  attempts  have  been  made  to  render  these  and  other  like 
changes  of  apparent  position  of  the  fixed  stars  compatible  with  some 
assumed  motion  of  the  sun.  Sir  W.  Herscbel,  in  1783,  reasoning 
upon  the  proper  motions  which  had  then  been  observed,  arrived  at 
the  conclusion,  that  such  appearances  might  be  explained  by  sup. 
posing  that  the  sun  has  a  motion  directed  to  a  point  near  the  star  % 
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HercuHs.  About  the  same  time;  PreyoBt,came  to  a  like  conclnsion, 
assigniDg,  however,  the  direction  of  the  supposed  motion  to  a  point 
differing  by  27^  from  that  indicated  by  Sir  W.  Hersohel. 

Since  that  epoch,  the  proper  motions  of  the  stars  have  been  more 
extensively  and  accurately  observed,  and  calculations  of  the  motion 
of  the  sun  which  they  indicate,  have  been  made  by  several  astrono- 
mers. The  following  points  have  been  assigned  as  the  direction  of 
the  solar  motion  in  1790 : — 

E.  A.  N.  p.  D. 


260"  34 

63°  43' 

Sir  "W.  Hersohel. 

256»25' 

61°  23' 

Ar^Iander. 
Ditto. 

266"  IV 

51°  26' 

iQl"  11' 

59°    2' 

Ditto. 

252<»  63' 

75°  84' 

Lnhndahl. 

261°  22' 

62°  24' 

Otto  Strnre. 

The  first  estimate  of  Argelander  was  made  from  the  proper  motiona 
of  21  stars,  each  of  which  has  an  annual  motion  greater  than  1'' ; 
the  second  from  50  stars  having  annual  prc^r  motions  between  1" 
and  0*5^',  and  the  third  from  those  of  319  stars  having  motions 
between  0-5^'  and  0-1".  The  estimate  of  M.  Luhndahl  is  based  on 
the  motions  of  147  stars,  and  that  of  M.  Struve  on  392  stars. 

The  mean  of  all  these  estimates  is  a  point  whose  right  ascension 
k  259^  9',  and  north  polar  distance  5^  23',  which  it  will  be  seen 
differs  very  littie  from  the  point  originally  assigned  by  Sir  W. 
Hersohel. 

All  the  preceding  calculations  being  based  on  observations  made 
on  stars  in  the  northern  hemisphere,  it  was  obviously  desirable  that 
similar  estimates  should  be  made  from  the  observed  proper  motions 
of  southern  stars.  Mr.  Gklloway  undertook  and  executed  these 
calculations ;  and  found  that  the  southern  stars  gave  the  direction 
of  the  solar  motion  for  1790,  to  be  towards  a  point  whose  right 
ascension  is  260^  1',  and  north  polar  distance  55^  37^ 

No  doubt  therefore,  can  remain  that  the  proper  motion  of  the 
stars  is  produced  by  a  real  motion  of  the  solar  system,  and  that  the 
direction  of  this  motion  in  1790  was  towards  a  point  of  space  which 
seen  from  the  then  position  of  the  system  had  the  right  ascension 
of  about  260^,  and  the  north  polar  distance  of  about  55^. 

3367.  Vehciti/  of  the  9oIar  motion. — It  follows  from  these  calcu- 
lations,  that  the  average  displacement  of  the  stars  requires  that  the 
motion  of  the  sun  should  be  such  as  that  if  its  direction  were  at 
right  angles  to  a  visual  ray,  drawn  from  a  star  of  the  first  magnitude 
of  average  distance,  its  apparent  annual  motion  would  be  0*3392'' ; 
and  taking  the  average  parallax  of  such  a  star  at  0*209",  if  d 
express  the  semi-axis  of  the  earth's  orbit,  the  annual  motion  of  the 
Ban  would  be 

60* 
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3392 

^^xd  =  1-623d. 

It  follows,  therefore,  that  the  anniial  motion  of  the  son  would  be 

1-623  X  95,000,000  =  154,200,000  miles; 

and  the  daily  motion 

154,200,000  .    '.Hi,  ^^    ., 
—565?—  =  ^22,000  miles; 

a  velocity  equal  to  something  more  than  the  fourth  of  the  earth's 
orbital  motion. 

3368.  The  probable  centre  of  solar  motion. — The  motion  of  the 
sun,  which  has  been  oompnted  in  what  precedes,  is  that  which  it 
had  at  a  particular  epoch.  No  account  is  taken  of  the  possible  or 
probable  changes  of  direction  of  such  motion.  To  suppose  that  the 
solar  system  snould  move  continuously  in  one  and  the  same  direc- 
tion, would  be  equivalent  to  the  supposition  that  no  body  or  collec- 
tion of  bodies  in  the  universe  would  exercise  any  attraction  upon  it. 
It  is  obviously  more  consistent  with  probability  and  analogy,  that 
the  motion  of  the  system  is  orbital^  that  is  to  say,  that  it  revolves 
round  some  remote  centre  of  attraction,  and  that  the  direction  of  its 
motion  must  continually  change,  although  such  change,  owing  to 
the  great  magnitude  of  its  orbit,  and  the  relative  slowness  of  its 
motion,  be  so  very  slow  as  to  be  quite  imperceptible  within  even 
the  longest  interval  over  which  astronomical  records  extend. 

Attempts  have,  nevertheless,  been  made  to  determine  the  centre 
of  the  solar  motion ;  and  Dr.  Madler  has  thrown  out  a  surmise  that 
it  lies  at  a  point  in  or  near  the  small  constellation  of  the  Pleiades. 

This  and  like  speculations  must,  however,  be  regarded  as  con- 
jectural for  the  present 


CHAP.  XXVIIL 

THE    FORM   AND   DIMENSIONS   OF    THE    MASS    OF    STARS   WHICH 
COMPOSE  THE  VISIBLE  FIRMAMENT. 

3369.  Distribution  of  stars  on  the  firmament,  —  The  aspect  of 
the  firmament  might,  at  first,  impress  the  mind  of  an  observer  with 
the  idea  that  the  numerous  stars  scattered  over  it  are  destitute  of 
any  law  or  regularity  of  arrangement,  and  that  their  distribution  is 
like  the  fortuitous  position  which  objects  fluns  upon  such  a  surface 
might  be  imagined  to  assume.  If,  however,  ue  different  regions  of 
the  heavens  be  more  carefully  examined  and  compared,  this  first  im- 
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pression  will  be  corrected,  and  it  will,  on  the  contrary,  be  found 
that  the  distribution  of  the  stars  oyer  the  surface  of  the  celestial 
sphere  follows  a  distinct  and  well-defined  law;  that  their  density, 
or  the  number  of  them  which  is  found  in  a  given  space  of  the 
heavens,  varies  regularly,  increasing  continaally  in  certain  directions 
and  decreasing  in  others. 

Sir  W.  Herschel  submitted  the  heavens,  or  at  least  that  part  of 
them  which  is  observable  in  these  latitudes,  to  a  rigorous  telescopic 
survey,  counting  the  number  of  individual  stars  visible  in  the  field 
of  view  of  a  telescope  of  certain  aperture,  focal  length,  and  magni- 
fying power,  when  directed  to  different  parts  of  the  firmament.  The 
result  of  this  survey  proved  that,  around  two  points  of  the  celestial 
sphere  diametrically  opposed  to  each  other,  the  stars  are  more  thinly 
scattered  than  elsewhere ;  that  departing  from  these  points  in  any 
direction,  the  number  of  stars  included  in  the  field  of  view  of  the 
same  telescope  iucreases  first  slowly,  but  at  a  greater  distance  more 
rapidly ;  that  this  increase  continues  until  the  telescope  receives  a 
direction  at  right  angles  to  the  diameter  which  joins  the  two  opposite 
points  where  the  distribution  is  most  sparse ;  and  that  in  this  direc- 
tion the  stars  are  so  closely  crowded  together  that  it  becomes,  in 
some  cases,  impracticable  to  count  them. 

3370.  Galactic  circle  and  poles,  —  The  two  opposite  points  of 
the  celestial  sphere,  around  which  the  stars  are  observed  to  be  most 
sparse,  have  been  called  the  galactic  poles  ;  and  the  great  circle 
at  right  angles  to  the  diameter  joining  these  points,  has  been  deno- 
minated the  GALACTIC  CIRCLE. 

This  circle  intersects  the  celestial  equator  at  two  points,  situate 
10^  east  of  the  equinoctial  points,  and  is  inclined  to  the  equator  at 
an  angle  of  63^,  and,  therefore,  to  the  ecliptic  at  an  angle  of  40^. 

In  referring  to  and  explaining  the  distribution  of  the  stars  over 
the  celestial  sphere,  it  will  be  convenient  to  refer  them  to  this  circle 
and  its  poles,  as,  for  other  purposes,  they  have  been  referred  to  the 
equator  and  its  poles.  We  shall,  therefore,  express  the  distance  of 
different  points  of  the  firmament  from  the  galactic  circle,  in  either 
hemisphere,  by  the  terms  north  and  south  galactic  latitude. 

3371.  Variation  of  the  stellar  density  in  relation  to  this  circle, 
—  The  elaborate  series  of  stellar  observations  in  the  northern  hemi- 
sphere made  during  a  great  part  of  his  life,  by  Sir  W.  Herschel, 
and  subsequently  extended  and  continued  in  the  southern  hemi- 
sphere by  Sir  J.  Herschel,  has  supplied  data  by  which  the  law  of 
the  distribution  of  the  stars,  according  to  their  galactic  latitude,  has 
been  ascertained  at  least  with  a  near  approximation. 

The  great  celestial  survey  executed  by  these  eminent  observers, 
was  conducted  upon  the  principle  explained  above.  The  telescope 
used  for  the  purpose  had  18  inches  aperture,  20  feet  focal  length, 
and  a  magnifying  power  of  180.     It  was  directed  indiscriminately 
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to  every  point  of  the  celestial  sphere  visible  in  the  latitude  of  the 
places  of  observation. 

It  was  by  means  of  a  vast  number  of  distinct  observatioDs  thns 
made,  that  the  position  of  the  galactic  poles  was  ascertainod.  The 
density  of  the  stars,  measured  by  the  number  included  in  each 
<'guage''  (as  the  field  of  view  was  called),  was  nearly  the  same  for 
the  same  galactic  latitude^  and  increased  in  proceeding  from  the  ga- 
lactic pole,  very  slowly  at  first,  but  with  great  rapidity  when  the 
galactic  latitude  was  much  diminished. 

8372.  Struve't  analysts  of  HierscheTs  observations.  —  An  analysis 
of  the  observations  of  Sir  W.  Herschel,  in  the  northern  hemisphere, 
was  made  by  Professor  Struve,  with  the  view  of  determiniog  the 
mean  density  of  the  stars  in  successive  zones  of  galactic  latitude ; 
and  a  like  analysis  has  been  made  of  the  observations  of  Sir  J. 
Herschel,  in  the  southern  hemisphere. 

If  we  imagine  the  celestial  sphere  resolved  into  a  succession  of 
zones,  each  measuring  15^  in  breadth,  and  bounded  by  parallels  to 
the  galactic  circle,  the  average  number  of  stars  included  within  a 
circle,  whose  diameter  is  15',  and  whose  magnitude,  therefore,  would 
be  about  the  fourth  part  of  that  of  the  disk  of  the  sun  or  moon, 
will  be  that  which  is  given  in  the  second  column  of  the  following 
Table. 

Average  number 
Galactio  Latitude.  of  Stan  in  a  circle  15^ 

diameter. 

N90°  — 75*>  4-32 

«  76^  —  60°  542 

«  eO**  — 45*  8-21 

ic  45o_3oo  13.61 

«  30^—15*  2409 

«  15o_  Qo  53.43 

S    0°  — 15*  5906 

i(  16*  — 30*  26-29 

«  30*  — 45*  13-49 

u  45o_eo*  9-08 

«  60*  — 75*  6-62 

"  76*  — 90*  605 

I  It  appears,  therefore,  that  the  variation  of  the  density  of  the 
visible  stars  in  proceeding  from  the  galactic  plane,  either  north  or 
south,  is  subject  almost  exactly  to  the  same  law  of  decrease,  the 
density,  however,  at  each  latitude  being  somewhat  greater  in  the 
southern  than  in  the  northern  hemisphere. 

3373.  The  milky  way. — ^The  regions  of  the  heavens,  which  ex- 
tend to  a  certain  distance  on  one  side  and  the  other  of  the  galactio 
plane,  are  generally  so  densely  covered  with  small  stars,  as  to  present 
to  the  naked  eye  the  appearance,  not  of  stars  crowded  together,  but 


FORM  OF  STARS  IN  THE  FIRMAMENT.  717 

of  whitish  nebulous  light.  This  appearance  extends  over  a  yast 
extent  of  the  celestial  sphere,  deviatiog  in  some  places  from  the 
exact  direction  of  the  galactic  circle,  bifurcating  and  diverging  into 
two  branches  at  a  certain  point  which  afterwards  reunite,  and  at 
other  places  throwing  out  off-shots.  This  appearance  was  denomi- 
nated the  Via  Laciea,  or  the  galaxy,*  by  the  ancients,  and  it  has  re- 
tained that  name. 

The  course  of  the  milky  way  may  be  so  much  more  easily  and 
clearly  followed  by  means  of  a  map  of  the  stars,  or  a  celestial  globe, 
upon  which  it  is  delineated,  that  it  will  be  needless  here  to  describe  it. 

3374.  It  consists  of  innumerable  stars  croiod^  together. — When 
this  nebulous  whiteness  is  submitted  to  telescopic  examination  with 
instruments  of  adequate  power,  it  proves  to  be  a  mass  of  countless 
numbers  of  stars,  so  small  as  to  be  individually  undistinguishable,  * 
and  so  crowded  together  as  to  give  to  the  place  they  occupy,  the 
whitish  appearance  from  which  the  milky  way  takes  its  name. 

Some  idea  may  be  formed  of  the  enormous  number  of  stars  which 
are  crowded  together  in  those  parts  of  the  heavens,  by  the  actual 
number  so  distinctly  visible  as  to  admit  of  being  counted  or  esti- 
mated, which  are  stated  by  Sir  W.  Herschel  to  have  been  seen  in 
spaces  of  given  extent.  He  states,  for  example,  that  in  those  parts 
of  the  milky  way  in  which  the  stars  were  most  thinly  scattered,  ha 
sometimes  saw  eighty  stars  in  each  field.  In  an  hour,  fifteen  de- 
grees of  the  firmament  were  carried  before  his  telescope,  showing 
successively  sixty  distinct  fields.  Allowing  eighty  stars  for  each  of 
these  fields,  there  were  thus  exhibited,  in  a  single  hour,  without 
moving  the  telescope,  four  thousand  eight  hundred  distinct  stars  I 
But  by  moving  the  instrument  at  the  same  time  in  the  vertical  di- 
rection, he  found  that  in  a  space  of  the  firmament,  not  more  than 
fifteen  degrees  long,  by  four  broad,  he  saw  fifty  thousand  stars,  large 
enough  to  be  individually  visible  and  distinctly  counted  I  The  sur- 
prising character  of  this  result  will  be  more  adequately  appreciated, 
if  it  is  remembered  that  this  number  of  stars  thus  seen  in  the 
space  of  the  heavens,  not  more  than  thirty  diameters  of  the  moon's 
disk  in  length  and  eight  in  breadth,  is  fifty  times  greater  than  all 
the  stars  ta^en  together,  which  the  naked  eye  can  perceive  at  any 
one  time  in  t^:  heavens,  on  the  most  serene  and  unclouded  night  I 

On  presenting  the  telescope  to  the  richer  portion  of  the  via  lacteay 
Herschel  found,  as -might  be  expected,  much  greater  numbers  of 
stars.  In  a  single  field  he  was  able  to  count  588  stars ;  and  for 
fifteen  minutes,  the  firmament  being  moved  before  his  telescope  by 
the  diurnal  motion,  no  diminution  of  number  was  apparent,  so  that 
he  estimated  that  in  that  space  of  time,  116,000  stars  must  have 
passed  in  review  before  him;  the  number  seen  at  any  one  time 

»  From  the  Greek  word  ydXa  y<fXa«rof,  milk. 
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being  greater  than  can  be  seen  by  the  naked  eye,  on  the  entire 
firmament,  except  on  the  clearest  nights. 

3376.  The  probable  form  of  the  stratum  of  stars  in  which  the 
9un  is  placed, — ^It  may  be  considered  as  established  by  a  body  of 
analogical  evidence,  having  all  the  force  of  demonstration,  that  the 
fixed  stars  are  self-luminous  bodies,  similar  to  our  sun  \  and  that 
although  they  may  differ  more  or  less  from  our  sun  and  from  each 
other  in  magnitude  and  intrinsic  lustre,  they  have  a  certain  average 
magnitude ;  and  that,  therefore,  in  the  main,  the  great  differences 
which  are  apparent  in  their  brightness,  are  to  b«  ascribed  to  difference 
of  distance.  Assuming,  then,  that  they  are  separated  from  each 
other  by  distances  analogous  to  their  distances  from  the  snn,  itself 
a  star,  the  general  phenomena  which  have  been  described  above, 
'  involving  the  rapid  increase  of  stellar  density  in  approaching  the 
galactic  plane,  combined  with  the  observed  form  of  the  milkv  way, 
which,  following  the  galactic  plane  in  its  general  course  departs 
nevertheless  from  it  at  some  points,  bifurcates,  resolving  itself  into 
two  diverging  branches  at  others,  and  at  others  throws  out  irregular 
cMff-shoots,  conducted  Sir  W.  Herschel  to  the  conclusion,  that  the 
stars  of  our  firmament,  including  those  which  the  telescope  renders 
visible,  as  well  as  those  visible  to  the  naked  eye,  instead  of  being 
scattered  indifferently  in  all  directions  around  the  solar  system 
through  the  depths  of  the  universe,  form  a  stratum  of  definite  form 
and  dimensions,  of  which  the  thickness  bears  a  very  small  proportion 
to  the  length  and  breadth,  and  that  the  sun  and  solar  system  is 
placed  within  this  stratum,  very  near  its  point  of  bifurcation,  reLih 
lively  to  its  breadth  near  its  middle  point,  and  relatively  to  its 
thickness  (as  would  appear  from  the  more  recent  observations) 
nearer  to  its  northern  than  to  its  southern  surfiice. 

Let  A  0  H  D,  fig,  878,  represent  a  rough  outline  of  a  section  of 
such  a  stratum,  made  by  a  plane  passing  through  or  near  its  oentre. 
Let  AB  represent  the  intersection  of  this  with  the  plane  of  the 
galactic  circle,  so  that,  z  being  the  place  of  the  sobir  system^  z  o 


Fig.  878. 
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'Will  be  tbe  directioii  of  the  north,  and  z  D  that  of  the  south  gUlaotio 
pole.  Let  z  h  represent  the  two  branches  which  bifurcate  from  the 
chief  stratum  at  B.  Now,  if  we  ima^ne  visual  lines  to  be  drawn 
from  z  in  all  directions,  it  will  be  apparent  that  those  z  o  and  z  D, 
which  are  directed  to  the  galactic  poloi,  pass  through  a  thinner  bed 
of  stars  than  any  of  the  others ;  and  since  z  is  supposed  to  be  nearer 
to  the  northern  than  to  the  southern  side  of  the  stratum,  z  o  will 
pass  throueh  a  less  thickness  of  stars  than  «  D.  As  the  visual  lines 
are  inclined  at  greater  and  crreater  angles  to  z  A,  their  length  rapidly 
decreases,  as  is  evident  oy  comparing  za,  2E,  and  zf,  which 
explains  the  fact  that  while  the  stars  are  as  thick  as  powder  in  the 
direction  z  a,  they  become  less  so  in  the  direction  z  E,  and  still  less 
in  the  direction  z  f,  until  at  the  poles  in  the  directions  z  o  and  z  d^ 
the?  become  least  dense. 

On  the  other  side,  z  B  being  less  than  2;  A,  a  part  of  the  galactic 
<urcle  is  found  at  which  the  stars  are  more  thinly  scattered;  but  in 
two  directions,  z  h  intermediate  between  z  B  and  the  galactic  polesi 
they  again  become  nearly  as  d^nse  as  in  the  direction  z  a. 

This  illustration  must^  however,  be  taken  in  a  very  general  sense. 
No  attempt  is  made  to  represent  the  various  off-shoots  and  variations 
of  length,  breadth,  and  depth  of  the  stratum  measured  from  the 
position  of  the  solar  system  within  it,  which  have  been  indicated 
by  the  telescopic  toundingz  of  Sir  W.  Herschel  and  his  illustrious 
son,  whose  wondrous  labours  have  effected  what  promises  in  time^ 
by  the  persevering  researches  of  their  successors,  to  become  a  com- 
plete analysis  of  this  most  marveUous  mass  of  systems.  Meanwhile 
it  may  be  considered  as  demonstrated  that  it  consists  of  myriads  of 
stars  clustered  together: 

'*  A  broad  and  ample  road,  whose  dust  is  gold, 
And  pavement  stfurs,  as  stars  to  ns  appear ; 
Seen  in  the  galaxy,  that  Milky  Way, 
Like  to  a  oiroling  sone  powder'd  with  stars." — Milton. 

The  appearance  which  this  mass  of  stars  would  present  if  viewed 
from  a  ]X)sition  directly  above  its  general  phme,  and  at  a  sufficient 
distance  to  allow  its  entire  outline  to  be  discerned,  was  represented 
by  Sir  Wm.  Herschel  as  resembling  the  starry  stratum  sketched 
in  Plate  XXVI. 

He  considered  that  it  was  probable  that  the  thicknen  of  this  bed 
0/  ttan  was  equal  to  about  eighty  times  the  distance  of  the  nearest 
of  the  fixed  stars  from  our  system ;  and  supposing  our  sun  to  be 
near  the  middle  of  this  thickness,  it  would  follow  that  the  stars  on 
its  surface  in  a  direction  perpendicular  to  its  general  plane  would 
be  at  the  fortieth  order  of  distance  from  us.  The  stars  placed  in 
the  more  remote  edges  of  its  Ungih  and  breadth  he  estimated  to  be 
in  some  places  at  the  nine-hundredth  order  of  distance  from  us,  so 
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that  itB  extreme  length  may  be  said  to  be  in  roand  nnmbefB  aboat 
2000  times  the  distance  of  the  nearest  fixed  stars  from  our  system. 
Such  a  space  light  would  take  20,000  years  to  move  oyer^  moying 
all  that  time  at  the  rate  of  nearly  200^000  miles  between  eTeij 
two  ticks  of  a  common  clock  I 


CHAP.  XXIX. 

STELLAR  CLUSTERS  AND  NEBULJS. 

8876.  The  stars  tchich  form  (he  JirmameTU  a  stellar  chuter, — 
Analogy  s^uggesfs  the  probable  existence  of  others. — ^It  appears,  then, 
that  our  sun  is  an  individual  star,  forming  only  a  single  unit  in  a 
cluster  or  mass  of  many  millions  of  other  similar  stars ;  that  this 
cluster  has  limited  dimensions,  has  ascertainable  length,  breadth, 
and  thickness,  and  in  short,  forms  what  may  be  expressed  by  a 
universe  of  solar  systems.  The  mind,  still  unsatisfied,  is  as  urgent 
as  before  in  its  questions  regarding  the  remainder  of  immensity! 
However  vast  the  dimensions  of  this  mass  of  suns  be,  they  are 
nevertheless  finite.  However  stupendous  be  the  space  included 
within  them,  it  is  still  nothing  compared  to  the  immensity  which 
lies  outside  I  Is  that  immensity  a  vast  solitude  ?  Are  its  unex- 
plored realms  dark  and  silent?  Has  Omnipotence  circumscribed 
its  agency,  and  has  Infinite  Beneficence  left  those  nnfathomed 
regions  destitute  of  evidence  of  His  power  ? 

That  the  infinitude  of  space  should  exist  without  a  ))urpo8e,  un- 
occupied by  any  works  of  creation,  is  plainly  incompatible  with  all 
our  notions  of  the  character  and  attributes  of  the  Author  of  the 
universe,  whether  derived  from  the  voice  of  revelation  or  from  the 
light  of  nature.  We  should  therefore  infer,  even  in  the  absenoe  of 
direct  evidence,  that  some  works  of  creation  are  dispersed  through 
those  spaces  which  lie  beyond  the  limits  of  that  vast  stellar  cluster 
in  which  our  system  is  placed.  Nay,  we  should  be  led  by  the  most 
obvious  analogies  to  conjecture  that  other  stellar  clusters  like  our 
own,  are  dispersed  through  immensity,  separated  probably  by  dis- 
tances as  much  greater  than  those  which  intervene  between  star  and 
star,  as  the  latter  are  greater  than  those  which  separate  the  bodies 
of  the  solar  system.  But  if  such  distant  clusters  existed,  it  may  be 
objected,  that  they  must  be  visible  to  us;  that  although  diminished, 
perhaps,  to  mere  spots  on  the  firmament,  they  would  still  be  ren- 
dered apparent,  were  it  only  as  confused  whitish  patches,  by  the 
telescope ;  that  as  the  stars  of  the  milky  way  assume  to  the  naked 
eye  the  appearance  of  mere  whitish  nebulosity,  so  the  far  more 
distant  stars  of  other  clusters^  which  cannot  be  perceived  at  all  by 
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tbe  naked  eye,  woald,  to  telescopes  of  adequate  power,  present  the 
same  whitish  nebulous  appearance ;  and  that  we  might  look  forward 
without  despair  to  such  augmentation  of  the  powers  of  the  telescope 
as  may  eyen  enable  us  to  perceive  them  to  be  actual  clusters  of  stars. 

3377.  Such  dwiers  of  ttarz  innumerable. —  Such  anticipations 
have  acoordinglj  been  realised.  In  various  parts  of  the  firmament 
objects  are  seen  which,  to  the  naked  eye,  appear  like  stars  seen 
through  a  mist,  and  sometimes  as  nebulous  specks,  which  might  be, 
and  not  unfrequcntly  are  mistaken  for  comets.  With  ordinary  tele- 
scopes these  objects  are  visible  in  very  considerable  numbers,  and 
were  observed  nearly  a  century  a^o.  In  the  Connoissance  det 
TempSf  for  1784,  Messier,  then  so  celebrated  for  his  observations  on 
comets,  published  a  catalogue  of  103  objects  of  this  class,  of  many 
of  which  he  gave  drawings,  with  which  all  observers  who  search  for 
comets  ought  to  be  familiar,  to  avoid  being  misled  by  tiieir  resem- 
blance to  them.  The  improved  powers  of  the  telescope  speedily  dis- 
closed to  astronomers  the  nature  of  these  objects,  which,  when  ex- 
amined by  sufficient  magnifying  powers,  prove  to  be  masses  of  stars 
clustered  together  in  a  manner  identical  with  that  cluster  in  which 
our  sun  is  placed.  They  appear  as  they  do,  mere  specks  of  whitish 
light,  because  of  their  enormous  distance. 

3378.  Distribution  of  clusters  and  nd>ulaB  on  the  firmament,  — « 
These  objects  are  not  distributed  fortuitously  and  indiflferently  on 
all  parts  of  the  heavens.  They  are  wholly  absent  from  some  regions, 
in  some  rarely  found,  and  crowded  in  amazing  profusion  in  others. 
This  disposition,  however,  is  not  like  that  of  the  stars  in  general, 
determined  by  a  great  circle  of  the  sphere  and  its  poles.  It  was 
supposed  that  they  showed  a  tendency  to  crowd  towards  a  zone  at 
right  angles  to  the  galactic  circle,  but  a  careful  comparison  of  thdr 
position  does  not  confirm  this.  According  to  Sirs  W.  and  J.  Her- 
schel,  the  nebulas  prevail  most  around  the  following  parts  of  the 
celestial  sphere : — 

1  The  North  Oalactio  Pole.  6  Canes  Venatici. 

2  Leo  migor.  6  Coma  Berenioi. 

8  Leo  minor.  7  Bootes  (precedingly). 

4  Ursa  mijor.  8  Virago  (head,  wings  and  shoulder;. 

The  parts  of  the  heavens,  on  the  other  hand,  where  they  are  found 
in  the  smallest  numbers,  aie : — 

1  Aries.  7  Draco. 

2  Tauras  8  Hercules. 

8  Orion  (head  and  shoalders).  9  Serpentarins  (northern  part). 

4  Auriga.  10  Serpens  (tail). 

5  Perseus.  11  Aquila  (tail). 

6  CameloparduB.  12  Lyra. 

In  the  southern  hemisphere  their  distribution  is  mora  uniform. 
III.  61 
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8879.  CofuHtuiion  of  the  clusters  and  neMm, — What  thcne 
objects  are,  and  of  what  tbey  seyerally  consist,  admits  of  no  reason- 
able doubt.  So  fiur  as  relates  to  the  stellar  clusters,  their  constituent 
parts  are  visible.  Thej  are,  as  their  name  imports,  masses  of  stan 
collected  together  at  certain  points  in  the  regions  of  space  which 
stretch  beyond  the  limits  of  our  own  cluster,  and  are  by  distance  so 
reduced  in  the  visual  magnitude  that  an  entire  cluster  will  appear 
to  the  naked  eye,  if  it  be  visible  at  all,  as  a  single  star,  and  when 
seen  with  the  telescope  will  be  included  within  the  limit  of  a  single 
field  of  view. 

Different  clusters  exhibit  their  component  stars  seen  with  the 
same  magnifying  power  more  or  less  distinctly.  This  may  be  ex- 
plained either  by  difference  of  distance,  or  by  the  supposition  that 
they  may  consist  of  stars  of  different  real  magnitudes,  and  crowded 
more  or  less  closely  together.  The  former  supposition  is^  however, 
by  far  the  more  natursd  and  probable. 

The  appearance  of  the  stars  composing  some  of  the  clusters  is 
quite  gorgeous.  Sir  J.  Herschel  says,  that  the  cluster  which  sur- 
rounds «  Crucis  in  the  southern  hemisphere,  occupies  the  48th  part 
of  a  square  degree,  or  about  the  tenth  part  of  the  superficial  mag- 
nitude of  the  moon's  disk,  and  consists  of  about  110  stars  from  the 
7th  magnitude  downwards,  eight  of  the  more  conspicuous  stars  being 
coloured  with  various  tints  of  red,  green,  and  blue,  so  as  to  give  to 
the  whole  the  appearance  of  a  rich  piece  of  jewellery. 

Cluster  compared  with  cluster  show  all  gradations  of  smallness 
and  closeness  of  the  component  stars,  until  they  assume  the  ap- 
pearance of  patches  of  starry  powder.  These  varieties  are  most 
obviously  ascribable  to  varying  distances. 

Then  follow  those  patches  of  starry  light  which  are  seen  in  so 
many  regions  of  the  heavens,  and  which  have  been  denominated 
nebulae.  That  these  are  still  clusters,  of  which  the  component  stars 
are  indistinguishable  by  reason  of  their  remoteness,  there  are  the 
strongest  evidence  and  most  striking  analogies  to  prove.  Every 
augmentation  of  power  and  improvement  of  efficiency  the  telescope 
receives,  augments  the  number  of  nebulae  which  are  converted  by 
that  instrument  into  clusters.  Nebulae  which  were  irresolvable 
before  the  time  of  Sir  W.  Herschel,  yielded  in  large  numbers  to  the 
powers  of  the  instruments  which  that  observer  brought  to  bear  upon 
them.  The  labours  of  Sir  J.  Herschel,  the  colossal  telescope  con- 
structed by  Lord  Rosse,  and  the  erection  of  observatories  in  multi- 
plied numbers  in  climates  and  under  skies  more  favourable  to 
observation,  have  all  tended  to  augment  the  number  of  nebulae 
which  have  been  resolved,  and  it  may  be  expected  that  this  progress 
will  continue,  the  resolution  of  these  objects  into  stellar  clusters 
being  co-extensive  with  the  improved  powers  of  the  telescope  and 
the  increased  number  and  zeal  of  observers. 
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8380.  Nebular  "hypothesis, — A  theory  was  put  forward  to  explain 
these  objects,  based  upon  views  not  in  accordance  with  what  has 
just  been  related.  It  was  assumed  hypothetical! j  that  the  nebulous 
matter  was  a  sort  of  luminous  fluid  diffused  through  different  parts 
of  the  universe  ;  that  by  its  aggregation  on  certain  laws  of  attraction 
solid  luminous  masses  in  process  of  time  were  produced;  and  that 
these  nebulsd  grew  into  clusters. 

It  would  not  be  compatible  with  the  limits  of  this  work;  and  the 
objects  to  which  it  is  directed,  to  pursue  thb  speculation  through 
its  consequences,  to  state  the  arguments  by  which  it  is  supported 
and  opposed  3  and  it  is  the  less  necessary  to  do  so,  seeing  that  such 
an  hypothesis  is  not  needed  to  explain  appearances  which  are  so 
much  more  obviously  and  simply  explicable  by  the  admission  of  a 
gradation  of  distances. 

3381.  Farms  apparent  and  real  of  the  clusters, — ^The  apparent 
forms  of  these  objects  are  extremely  various,  and  subject  to  most 
extraordinary  and  unexpected  changes,  according  to  the  magnifying 
power  under  which  they  are  viewed.  This  ought,  however,  to 
excite  no  surprise.  The  telescope  is  an  expedient  by  which  a  well- 
defined  and  strongly  illuminated  optical  image  of  a  distant  object  is 
formed  so  cloRe  to  the  observer,  that  he  is  enabled  to  view  it  with 
microscopes  of  greater  or  less  power,  according  to  the  perfection  of 
its  definition,  and  the  intensity  of  its  illumination.  Now,  it  is 
known  to  all  who  are  familiar  with  the  use  of  the  microscope,  that 
the  apparent  form  and  structure  of  an  object  change  in  the  most 
remarkable  and  unexpected  way  when  viewed  with  different  micros- 
copic powers.  The  blood,  for  example,  which  viewed  with  the 
naked  eye,  or  with  low  powers,  is  a  unifonnly  red  fluid,  appears  as 
a  pellucid  liquid,  having  small  red  disks  floating  in  it,  when  seen 
with  higher  powers  (46>  Like  effects  are  manifested  in  the  cases 
of  the  nebulad,  when  submitted  to  examination  with  different  and 
increasing  magnifying  powers,  of  whtch  we  shall  presently  show 
many  stnking  examples. 

The  apparent  forms  of  the  stellar  clusters  are  generally  roundish 
or  irregular  patche?.  The  stars  which  compose  them  are  always 
much  more  densely  crowded  together,  in  going  from  the  edges  of  the 
cluster  towards  the  centre,  so  &at  at  the  centre  they  exhibit  a  per- 
fect blaze  of  light. 

The  apparent  form  is  that  of  a  section  of  the  real  form,  made  by 
a  plane  at  right  angles  to  the  visual  ray.  If  the  mass  had  a  motion 
of  rotation,  or  any  other  motion  by  which  it  would  change  this  plane, 
80  as  to  exhibit  to  the  eye  successively  different  sections  of  it,  its 
real  form  could  be  inferred  as  those  of  the  planets  have  been.  But 
there  are  no  discoverable  indications  of  any  such  motion  in  these 
objects.  Their  real  forms,  therefore,  can  only  be  conjectured  from 
comparing  their  apparent  forms  with  their  structural  appearanoe. 
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The  dusters  haying  ronnd  apparent  forms,  and  of  which  the 
stars  are  rapidly  more  dense  towards  the  centres,  are  inferrod  to  be 
either  globular  or  spheroidal  masses  of  stars,  the  greater  apparent 
density  in  passing  from  the  edges  to  the  centre  being  explained  by 
the  greater  thickness  of  the  mass,  in  the  direction  of  the  visual  line. 
Clusters  of  irregular  outliue  which  show  also  a  density  increasing 
inwards,  are  also  inferred,  for  like  reasons,  to  be  masses  of  stars, 
whose  dimensions  in  the  direction  of  the  visual  rays  correspond  with 
their  dimensions  in  the  direction  at  right  angles  to  those  rays. 

3382.  Forms  apparent  and  real  of  the  nebttlm. — These  objects 
exhibit  forms  much  more  various  than  those  presented  bj  the  dus- 
ters. Some  are  circular,  with  more  or  less  precision  of  outline. 
Some  are  elliptical,  the  oval  outline  having  degrees  of  eocentrioity 
infinitely  various,  from  one  which  scarcely  differs  from  a  circle,  to 
one  which  is  compressed  into  a  form  not  sensibly  different  from  a 
straight  line.  In  short,  the  minor  axis  of  the  ellipses  bears  all 
proportions  to  the  major  axis,  until  it  becomes  a  very  small  fraction 
of  the  latter. 

To  infer  the  real  from  the  apparent  forms  of  these  objects  with 
any  certainty,  there  are  no  sufficient  data.  But  in  the  cases  in 
which  the  brightness  increases  rapidly  towards  the  centre,  which  it 
very  generally  does,  it  may  be  probably  conjectured  that  their  forms 
are  globular  or  spheroidal,  for  the  reasons  already  explained  in 
relation  to  the  clusters,  and  this  becomes  the  more  probable  when 
it  is  considered,  that  these  nebulas  are  in  fact  clusters,  the  stars  ci 
which  are  reduced  to  a  nebulous  patch  by  distance. 

Nevertheless,  these  nebulsB  may  be  strata  of  stars,  of  which  the 
thickness  is  small  compared  with  their  other  dimensions;  and  sup- 
posing their  real  oulline  to  be  circular,  they  will  appear  elliptical  if 
the  plane  of  the  stratum  be  inclined  to  the  visual  line,  and  more  or 
less  eccentrically  elliptical,  according  as  the  angle  of  inclination  is 
more  or  less  acute.  In  cases  in  which  the  brightness  does  not 
increase  in  a  striking  degree  from  the  edges  inwards,  this  form  is 
more  probable  than  the  globular  or  the  spheroidal. 

Nebulae  may  be  conveniently  classed  according  to  their  apparent 
form  and  structure;  but  whatever  arrangement  may  be  adopted, 
these  objects  exhibit  such  varieties^  assume  such  capricious  and 
irregular  forms,  and  undergo  such  strange  and  unexpected  changes 
of  appearance  according  to  the  increasing  power  of  the  telescope 
with  which  they  are  viewed,  that  it  will  always  be  found  that  great 
numbers  of  them  will  remain  unavoidably  unclassified. 

8383.  Double  nebulas.  —  Like  individual  stars,  nebulas  are  found 
to  be  combined  in  pairs  too  frequently  to  be  compatible  with  the 
supposition  that  such  combinations  arise  from  the  fortuitous  resulta 
of  the  small  obliquity  of  the  visual  rays,  which  causes  mere  optica] 
juxtaposition. 
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Theie  double  nebalss  are  generally  cironlar  in  their  apparent^  and 
therefore  probably  globular  in  their  real  form.  In  some  oaaes  they 
are  resolvable  ^clusters. 

That  Buch  pairs  of  clusters  are  physically  conneoted  does  not 
admit  of  a  reasonable  doubt,  and  it  is  highly  probable  that,  like  the 
binary  stars,  they  move  round  each  other,  or  round  a  oommon  centre 
of  attraction,  although  the  apparent  motion  attending  such  revo* 
lution  is  rendered  so  slow  by  their  immense  distance  that  it  can  only 
be  ascertained  after  the  lapse  of  ages. 

8384.  Planetary  nehuim, — This  class  of  objects  derive  their 
name  from  their  close  resemblance  to  planetary  disks.  They  are  in 
seneral  either  circular  or  very  slightly  oval.  In  some  cases  the  disk 
IS  sharply  defined,  in  others  it  is  hazy  and  nebulous  at  the  edges. 
In  some  the  disk  shows  a  uniform  sur&oe,  and  in  some  it  has  a& 
appearance  which  Sir  J.  Herschel  describes  by  the  term  curdled. 

There  is  no  reason  to  doubt  that  the  constitution  of  these  objects 
b  the  same  as  that  of  other  nebulas,  and  that  they  are  in  fact  clusters 
of  stars  which,  by  mutual  proximity  and  vast  distance,  are  reduced 
to  the  form  of  planetary  disks. 

These  objects,  which  are  not  numerous,  present  some  remarkable 
peculiarities  of  appearance  and  colour.  It  has  been  already  observed 
that^  although  the  companion  of  a  red  individual  of  a  double  star 
appears  blue  or  green,  it  is  not  certain  that  this  is  its  real  colour, 
the  optical  effect  of  the  strong  red  of  its  near  neighbour  being  such 
as  would  render  a  white  star  apparently  blue  or  green,  and  no  ex* 
ample  of  any  single  blue  or  green  star  has  ever  been  witnessed. 
The  planetary  nebulae,  however,  present  some  very  remarkable 
examples  of  these  colours.  Sir  J.  Herschel  indicates  a  beautiful 
instance  of  this,  in  a  planetary  nebuh  situate  in  the  southern  con- 
stellation of  the  Cross.  The  apparent  diameter  is  12'^,  and  the  disk 
is  nearly  circular,  with  a  well-defined  outline,  and  a  "  fine  and  full 
blue  colour  verging  somewhat  upon  green."  Several  other  plane- 
tary nebulae  are  of  a  like  colour,  but  more  faint. 

The  magnitudes  of  these  stupendous  masses  of  stars  may  be  con- 
jectured from  their  probable  distances.  One  of  the  largest,  and 
therefore  probably  the  nearest  of  them,  is  situate  near  the  star  3 
Ursac  majoris  (one  of  the  pointers).  Its  apparent  diameter  is  2'  4(y'. 
Now,  if  this  were  only  at  the  distance  of  61  Cygni,  whose  parallax 
is  known  (2603),  it  would  have  a  diameter  equal  to  seven  times  that 
of  the  extreme  limit  of  the  solar  system ;  but  as  it  is  certain  that  its 
distance  must  be  many  times  greater,  it  may  be  conceived  its  di- 
mensions must  be  enormous. 

3385.  Annular  nebulae,  —  A  very  few  of  the  nebulae  have  been 
observed  to  be  annular.  Until  lately  there  were  only  four.  The 
telescopes  of  Lord  Rosse  have,  however,  added  ^ve  to  the  number, 
by  showing  that  certain  nebulae  formerly  supposed  to  be  small  round 

61* 
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patches  are  really  annalar.  It  is  extremely  probable,  that  many 
others  of  the.  smaller  class  of  round  nebulas  will  prove  to  be  annalar, 
when  submitted  to  further  examination  with  telescopes  of  adequate 
power  and  efficiency. 

8386.  Spiral  nebulw,  — The  discovery  of  this  ckss  of  objects, 
the  most  extraordinary  and  unexpected  which  modem  research  has 
yet  disclosed  in  stellar  astronomy,  is  due  to  Lord  Rosse.  Their 
general  form  and  character  may  be  conceived  by  referring  to  those 
represented  in  Plate  XXn.^s.  1  and  3,  and  Plate  XXflL/y.  1. 
These  extraordinary  forms  are  so  entirely  removed  from  all  andogy 
with  any  of  the  phenomena  presented  either  in  the  motions  of  the 
solar  system,  or  the  comets,  or  those  of  any  other  objects  to  which 
observation  has  been  directed,  that  all  conjecture  as  to  the  physical 
condition  of  the  masses  of  stars  which  could  assume  such  forms 
would  be  vain.  The  number  of  instances  as  yet  detected,  in  which 
this  form  prevails,  is  not  great ;  but  it  is  sufficient  to  prove  that  the 
phenomenon,  whatever  be  its  cause,  is  the  result  of  the  operation  of 
some  general  law.  It  is  pretty  certain,  that  when  the  same  powerfbl 
instruments  which  have  rendered  these  forms  visible  in  objects  which 
had  already  been  so  long  under  the  scrutiny  of  the  most  eminent 
observers  of  the  last  hundred  years,  including  Sir  W.  and  Sir  J. 
Herschel,  aided  by  the  vast  telescopic  powers  at  their  disposition, 
without  raising  even  a  suspicion  of  their  real  form  and  structure, 
have  been  applied  to  other  nebulae,  other  oases  of  the  same  pheno- 
menon will  be  brought  to  light.  In  this  point  of  view  it  is  much  to 
be  regretted,  that  the  telescopes  of  Lord  Rosse  cannot  have  the  great 
advantage  of  being  used  under  skies  more  favourable  to  stellar  re- 
searches, since  the  discovery  of  such  forms  as  these  not  only  requires 
instruments  of  such  power  as  Lord  Rosse  alone  possesses  at  present, 
but  also  the  most  favourable  atmospheric  conditions. 

3387.  Number  of  nebulaB.  —  The  number  of  these  objects  is 
countless.  The  catalogues  of  Sir  J.  Herschel  contain  above  4000, 
of  which  the  places  are  assigned,  and  the  magnitudes,  forms,  and 
apparent  characters  described.  As  observers  are  multiplied,  and  the 
telescope  improved,  and  especially  when  the  means  of  observation 
have  been  extended  to  places  that  are  more  favourable  for  such 
observations,  it  may  be  expected  that  the  number  observed  will  be 
indefinitely  augmented. 

8388.  Remarkable  nebulas.  —  Having  noticed  thus  briefly  the 
characters  and  appearances  of  the  principal  classes  of  these  objects, 
it  will  be  useful  to  illustrate  these  general  observations  by  reference 
to  examples  of  nebulae  and  clusters  of  each  class,  assigning  the 
position  of  each  by  its  right  ascension  and  north  polar  distance,  and 
supplying,  wherever  it  can  be  done  on  satisfactory  authority,  a 
telescopic  view  of  such  object.  In  the  selection  of  these  examples, 
it  will  be  one  of  our  chief  purposes  to  show  the  extraordinary  differ- 
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enoes  of  form  and  structure,  which  the  same  object  presents  when 
viewed  with  telescopes  of  different  powers.  The  drawings  of  the 
same  nebulse,  which  have  appeared  in  the  Philosophical  Transac- 
tions bj  Sir  J.  Herschel  and  the  Earl  of  BossC;  supply  numerous 
and  instructiye  examples  of  this. 

Plate  XX.  fig.  6.  R  A  IS**  29"  9*.  H  p  D  83<»  27'.  Duuneter,  9«  a  a.— Drawn 
by  Sir  J.  Herschel,  who  desoribes  it  as  a  faint  large  roand  nebula,  which,  by 
attentiye  examination,  may  be  seen  to  be  eomposed  of  exeessirely  minute  Stan, 
appearing  like  points  rubbed  out.     It  is,  in  fact,  a  globular  duster. 

Plate  XXL  ^.  2.  s  a  21*  24-  40-.  h  p  D  91®  34'.  Diameter,  «'  b  a.— Dnvwn 
by  Sir  J.  Herschel,  who  describes  it  as  a  most  superb  cluster  of  stars  of  the  15th 
magnitude,  compressed  towards  the  centre  to  a  perfect  blase.  It  resembles  a 
ma«a  of  fine  luminoas  sand.  It  is  resolrable  with  a  six-inch  aperture.  The  stars 
just  visible  with  a  nine-inch  aperture  (reflector). 

Plate  XXL  fig.  1.  —  The  same  object  as  shown  by  the  larger  telescope  of  the 
Earl  of  Rosse.  Lord  Rosse  thinks  that  no  increased  power  is  likely  to  alter  ma- 
terially its  appearance.  It  would  merely  render  the  component  stars  brighter 
and  less  closely  crowded. 

Plate  XXL  fig.  ^.  RA  5^  24»  16-.  hpd  OS®  7'.  Length  4',  breadth  8', 
oval  form. — A  fine  object    (Sir  J.  Herschel.) 

Plate  XXL  fig.  3. — ^The  same  object  as  shown  by  Lord  Rosse's  telescope.  A 
considerable  change  of  appearance  is  here  produced  by  increased  power,  the  oval 
resolrable  nebula  being  changed  into  what  the  drawing  represente.  It  is  studded 
with  stars  mixed  with  a  nebulosity,  which  a  still  higher  power  would  eyidently 
resolve  into  stars. 

Plate  XXIL  Ag.2.  s  A  13*  33"  39*.  n  p  d  41"*  58'. —This  is,  in  many  re- 
■pects,  one  of  the  most  remarkable  and  interesting  of  its  class,  and  has  been 
submitted  to  elaborate  examination  by  all  the  eminent  observers.  The  distance 
of  the  centre  of  the  small  nebula  from  that  of  the  large  one,  is  given  by  Messier, 
as  4'  35",  which  may  servo  as  a  modulus  for  Its  other  dimensions.  It  was  de- 
scribed by  Sir  W.  Herschel  as  a  bright  round  nebula,  surrounded  by  a  halo  or 
glory,  and  attended  by  a  companion.  Sir  J.  Herschel  observed  this  object^  and 
represented  it  as  in  the  figure.  He  noticed  the  partial  division  of  the  ring  as  if 
it  were  splits  as  its  most  remarkable  and  interesting  feature,  and  inferred  that, 
supposing  it  to  consist  of  stars,  the  appearance  it  would  present  to  an  observer, 
placed  on  a  planet  attached  to  one  of  them  eccentrically  situate  towards  the 
north  preceding  quarter  of  the  central  mass,  would  be  exactly  similar  to  tiiat  of 
the  milky  way  as  seen  from  the  earth,  traversing  in  a  manner  precisely  similar 
the  firmament  of  large  stars,  into  which  the  central  cluster  would  be  seen  pro- 
jected, and,  owing  to  its  greater  distance,  appearing  like  it  to  consist  of  stars 
much  smaller  than  those  in  other  parts  of  the  heavens.  ''  Can  it  be,"  asks  Sir 
J.  Herschel,  "that  we  have  here  a  brother  system,  bearing  a  real  physical 
resemblance  and  strong  analogy  of  structure  to  our  own  V*  Sir  J.  Herschel 
further  argues,  that  all  idea  of  symmetry  caused  by  rotation  must  be  relin- 
quished,  considering  that  the  elliptical  form  of  the  inner  subdivided  portion 
indicates  with  extreme  probability,  an  elevation  of  that  part  above  the  plane 
of  the  rest;  so  that  the  real  form  must  be  that  of  a  ring  split  through  half 
its  circumference,  and  having  the  split  portions  set  asunder  at  an  angle 
of  45®. 

Plate  XXiL  fig.  1.  —  The  same  object  as  shown  by  Lord  Rosse's  telescope. 
This  shows,  in  a  striking  manner,  how  entirely  the  appearances  of  these  objects 
are  liable  to  be  varied  by  the  increased  magnifying  power  and  greater  eflScieney 
of  the  telescope  through  which  they  are  viewed.  It  is  evident  that  very  little 
resemblance  or  analogy  is  discoverable  between  fig.  2  and  fig.  1.  Lord  Rosse, 
however,  says  that  if  Sir  John  Herschers  be  placed  as  it  would  be  seen  with  a 
Newtonian  telescope,  the  bright  convolutions  of  the  spiral  shown  in  his  own 
would  be  recognised  in  the  appearance  which  Sir  J.  Herschel  supposed  to  be 
that  which  would  be  produced  by  a  split  or  divided  ring.    Lord  Rosse  further 
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.tbaerreB,  that  with  each  increase  of  optical  power,  the  stroctore  of  this  object 
becomes  more  complicated  and  more  irnlike  anything  which  coald  be  enppoeed 
to  be  the  result  of  any  form  of  dynamical  law  of  which  we  find  a  counterpart  in 
our  system.  The  connection  of  the  companion  with  the  principal  nebala,  of 
which  there  is  not  the  least  doubt,  and  which  is  represented  in  the  sketch,  addn, 
in  Lord  Rosse's  opinion,  if  possible,  to  the  difficulty  of  forming  any  conceivable 
hypothesis.  That  such  a  system  should  exist  without  internal  movement,  he 
oonsiders  in  the  last  degree  improbable.  Our  conception  may  be  aided  by 
nniting  with  the  idea  of  motion  the  effects  of  a  resisting  medium ;  bnt  it  is  im. 
possible  to  imagine  such  a  system,  in  any  point  of  view,  as  a  case  of  mere  statical 
equilibrium.  Measurements  he  therefore  oonsiders  of  the  highest  interest^  but 
of  great  difficulty. 

Plate  XXIII.  fig.  1.— This  object  is  the  90Ui  in  Messier's  oatalogne.  The 
spiral  form  of  the  nebula,  represented  in  Plate  XXII.  fig.  1,  was  discorered  by 
liord  Rosse,  in  the  early  part  of  1845.  In  the  spring  of  1846,  that  represented 
in  the  present  figure  was  diseoyered.  The  spiral  form  is  here  also  presented, 
but  of  a  different  character.  Lord  Rosse  conjectures,  that  the  nebula  No.  2370, 
and  3239  of  Herachel's  southern  catalogue,  are  very  probably  objects  of  a  similar 
ctaracter.  As  Herschel's  teleseope  did  not  reveal  any  trace  of  the  form  of  this 
nebula,  it  is  not  surprising  that  it  did  not  disclose  the  spiral  form  presumed  to 
belong  to  the  others,  and  it  is  not,  therefore,  unreasonable  to  hope,  according  to 
his  Lordship,  that  whenever  the  southern  hemisphere  shall  be  re-examined  with 
instruments  of  greater  newer,  these  two  remarkable  nebula  will  yield  some  inte* 
resting  results. 

Lord  Rosse  has  discovered  other  spirsl  nebulss,  but  they  are  comparatively 
difficult  to  be  seen,  and  the  greatest  powers  of  the  instrument  are  required  to 
bring  out  the  details. 

Plate  XXIL  fig.  t,  n  k  9*  22- 32-.  fpd  67*^46'.  Length,  3'.  — This  is 
described  by  Sir  John  Herschel  as  a  very  bright  extended  nebnlisy  with  an  ap- 
proach to  a  second  nucleus,  which,  however,  is  very  faint. 

Plate  XXII.  fig.  8. — The  same  object  as  shown  by  Lord  Rosse's  telescope. 
This  object  was  first  observed  with  the  great  telescope,  24th  March,  1846,  when 
a  tendency  to  an  annular  or  spiral  form  was  discovered.  On  the  9th  March, 
1848,  in  more  favourable  weather,  the  spiral  form  was  distinctlv  seen  in  an  oblique 
direction.  The  nebula  was  well  resolved,  putienlarly  towaros  the  centre,  where 
it  was  very  bright 

Plate  XXIL  fig.  4.  r  A  22*  56»  26'.  H  p  »  78o  86'.  Length  2',  breadth  30". 
— Described  by  Sir  John  Herschel  as  pretty  bright  and  resolvable,  and  extended 
between  two  small  stars,  having  two  very  small  stars  visible  in  it 

Plate  XXIL  fig.  b.  —  The  same  object  as  seen  in  Lord  Rosse's  telescope. 
It  was  frequently  observed,  both  by  Lord  Rosse  himself  and  several  of  his 
friends,  and  the  drawing  represents  the  form  with  great  accuracy.  It  was  doubt- 
ftil  whether  the  form  was  strieUy  spiral,  or  whether  it  were  not  more  properly 
annular. 

Plate  XXm.  fig,  2.  e  A  1"  24"  15".  HP©  60®  31'.  Dimensions  uncertain, 
but  the  diffused  nebula  estimated  as  extending  through  15'.  —  This  object  has 
been  the  subject  of  observation  by  all  the  eminent  observers.  Sir  John  Her- 
■ehel  deseribes  it  as  enormously  large,  growing  very  gradually  brighter  towards 
the  middle,  and  having  a  star  of  the  12th  magnitude,  north,  following  the  nuclea*, 
and  being  characterised  by  irregularities  of  light,  and  even  by  feeble  subordiuate 
nnolei  and  many  small  stars.  The  drawing  represents  it  as  seen  with  the  more 
powerful  telescope  of  Lord  Rosse.  A  tendency  to  a  spiral  form  was  distinctly 
seen  on  the  6th,  10th,  and  16th  September,  1849.  The  brightest  of  the  spiral 
arms  was  that  marked  a,  that  marked  h  was  pretty  bright,  but  short;  fi  was  dis. 
tinot,  and  n  only  suspected ;  the  branch  y  was  funt  The  whole  object  was  in- 
Tolved  in  a  faint  nebulosity,  which  probably  extends  past  several  knots  which 
lie  about  it  in  different  directions. 

Plate  XXIL  fig.^,  r  a  7'  14"  SC.  h  p  i>  60®  11'.— This  is  described  by  Sir 
John  Herschel  as  a  curious  bright  double  or  an  elongated  bicentral  nebula. 

Plate  XXII.  fig,  7.'»The  same  object  as  shown  by  Lord  Rosse's  telescope,  on 
S2d  December,  1848.    A  bright  star  was  visible  between  the  nebula  from  which 
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taOfl  and  cnrred  filamenU  Issued.  The  existence  of  an  annnlns  smroanding  the 
two  nebalce  was  suspected. 

Plate  XXIIL  Jig.  14.  r  ▲  11^  10»  2\  w  p  d  1b^  59'.  Length  4'.— Described 
by  Sir  John  Herschel,  as  large,  elliptical  in  form,  with  a  roand  naoleus,  and 
growing  j^^aduallj  brighter  towards  the  middle. 

Plate  XXIIL  Jig.  3.  —  The  same  object  as  shown  by  Lord  Rosse's  telescope, 
31st  March,  1848.  Described  as  a  carions  nebula,  nudens  resolvable,  having  a 
epiral  or  annular  'arrangement  abont  it  It  was  also  observed  with  the  same 
results  on  the  Ist  and  3d  April. 

Plate  XXIIL  /?^.  5.  R  A  16M- 4r«.  hpd83«35'.  Length  60",  breadth 
20".  —  This  nebula  was  not  figured  by  Sir  John  Horsohel,  but  is  described  by 
him  as  an  object  very  bright,  and  growing  mnch  brighter  towards  the  middle. 
The  drawing  Jig,  5,  represents  the  object  as  seen  In  Lord  Rosse's  telescope,  in 
April,  1848.  It  Is  described  by  Lord  Rosse  as  a  very  bright  resolyable  nebula, 
but  that  none  of  the  component  stars  could  be  distinctly  seen  even  with  a  mag- 
nifying power  of  1000.  A  perfectly  straight  longitudinal  division  appears  in  the 
direction  of  the  msgor  axis  of  the  ellipse.  Resolvability  was  strongly  indicated 
towards  the  nucleus.  According  to  Lord  Rosse,  the  proportion  of  the  major 
axis  to  the  minor  axis  was  8  to  1 ;  much  greater  than  the  estimate  of  Sir  John 
Herschel. 

Plate  XXni.;S^.  10.  R  A  12^  33"  54'.  ir  p  d  56o  80'.— Described  by  Sir  John 
Herschel  as  a  nebula  of  enormous  length,  extending  across  an  entire  field  of  15', 
the  nucleus  not  being  well  defined.  It  was  preeeded  by  a  star  of  the  tenth  mag- 
nitude, and  that  again  by  a  small  faint  roand  nebula,  the  whole  forming  a  fine 
and  very  curious  combination. 

Plate  XXIIL  Jig,  4. — The  same  object  as  shown  by  Lord  Rosse's  telescope  on 
19th  April,  1849.  The  drawing  is  stated  to  be  executed  with  great  care,  and  to 
be  very  accurate.  A  most  extraordinary  object,  masses  of  light  appearing 
through  it  in  knots. 

Plate  XXn.  Jig,  10.  r  A  6'  29-  53^.  K  p  D  SI®  7'.  —  Described  by  Sir  John 
Herschel  as  a  star  of  the  12th  magnitude,  with  a  bright  oometic  branch  issuing 
from  it,  60"  in  length,  forming  an  angle  of  60^  with  the  meridian,  passing  through 
it.  The  star  is  described  as  ill  defined,  the  apex  of  the  nebula  coming  exactly 
up  to  it,  but  not  passing  it 

Plate  XXII.  Jig,  9.  — The  same  object  as  seen  with  Lord  Rosse's  telescope  on 
16th  January,  1850.  Lord  Rosse  observed  that  the  two  comparatively  dark 
spaces,  one  near  the  apex  and  the  other  near  the  base  of  the  cone,  are  very 
remarkable. 

Plate  XXIL  Jig.  12.  r  a  11"  4»  49«.  H  p  n  34»  3'.  Diameter  19"  time.  —  De- 
scribed by  Sir  John  Herschel  as  a  large  uniform  nebulous  disk,  very  bright  and 
perfectly  round,  but  sharply  defined,  and  yet  very  suddenly  ikding  away  into 
darkness.     A  most  extraordinary  object 

Plate  XXII.  Jig,  11.  — The  same  object  as  shown  by  Lord  Rosse's  telescope. 
Two  stars  considerably  apart,  seen  in  the  central  part  of  the  nebula.  A  dark 
penumbra  arouud  each  spiral  arrangement  with  stars  as  apparent  centres  of  at- 
traction. Stars  sparkling  in  it  and  in  the  nebula  resolvable.  Lord  Rosse  saw 
two  large  and  very  dark  spots  in  the  middle,  and  remarked  that  all  around  its 
edge  the  sky  appeared  darker  than  usual. 

Plate  XXIIL  Jig.  11.  B  A  T"*  34'«  2'.  H  p  n  104®  20'  25".  Diameter  8-75"  time. 
—  Described  by  Sir  John  Herschel  as  a  planetary  nebula,  of  a  faint  eqnal  light, 
and  exactly  round,  having  a  very  minute  star  a  little  north  of  the  centre.  Very 
velvety  at  the  edges.  In  the  telescope  of  Lord  Rosse,  however,  it  appears  as  an 
annular  nebula  as  represented  in  the  figfure,  with  two  stars  within  it 

Plate  XXIIL  ;«j7.  7.  R  A  23'»  17"  42-.  w  p  d  48®  24' 24".  Diameter  12".— Fig- 
ured by  Sir  John  Herschel,  who  describes  it  as  a  fine  planetary  nebula.  With  a 
power  of  240  it  was  beautifully  defined,  light  rather  mottled,  and  the  edges  the 
least  in  the  world  unshaped.  It  is  not  nebulous,  but  looks  as  if  it  had  a  double 
outline,  or  like  a  star  a  little  out  of  focus.     It  is  perfectly  circular. 

Plate  XXIII./<7.  6.  —  The  same  object  as  shown  in  Lord  Rosse's  telescope, 
16th'19th  December,  1848.    A  central  dark  spot  surrounded  by  a  bright  annnlns. 

PUte  XXIIL yfy.  9.    B A 20* 54" 5-.   hpd  102O2'46".    Diameter  10"  to  12" 
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i4seording  to  Herscbel,  but  25"  by  17"  accordin^^  to  Strave,  who  prea  it  a  mon 
oval  form.  —  This  figure  is  that  given  by  Sir  John  Horsehel,  who  describ«a  it  at 
a  fine  planetary  nebula  with  equable  light  and  blneish  white  colour. 

Plate  XXIII.  fig.  8.  —  The  same  object  as  shown  by  Lord  Rosse's  telescope. 
Like  a  globe  surrounded  by  a  ring  such  as  that  of  Saturn,  the  usual  line  being 
in  the  plane  of  the  ring. 

Plate  XXIIL/^.  1.3.  ra  7M9-8-.  hpd  GS* 46'.  —  Described  by  Sir  John 
Herschel  as  a  star  exactly  in  the  centre  of  a  bright  circular  atmosphere  26"  in 
diameter,  the  star  being  quite  stellar,  and  not  a  mere  nucleus,  and  i«  a  mott  re- 
markable object. 

Plate  XXIII. /^.  12.  —  iThe  same  object  as  shown  by  Lord  Rosse's  telescope 
on  20th  February,  1849 ;  described  by  him  as  a  most  astonishmg  object.  It  was 
examined  in  January,  1850,  with  powers  of  700  and  900,  when  both  the  dark 
and  bright  rings  seemed  unequal  in  breadth. 

Plate  XXIII.  fig,  15.  b  A  5^  27"  7».  hpd  96<>  2'  18".  —  The  star  «  Ononis  in- 
Tolved  in  a  feeble  nebula  3'  in  diameter.  (Sir  J.  HerscheL)  The  drawing  thowi 
this  as  seen  with  Lord  Rosse's  telescope. 

Plate  XX.  fig,  3.  B  A  19'»  62- 12".  K  p  d  67*  44'— Drawn  by  Sir  John  Heracbel, 
who  describes  it  as  a  nebula  shaped  like  a  dumb-bell,  double-headed  shot,  or 
hour-glass,  the  elliptio  outline  being  completed  by  a  more  feeble  nebnloos  light. 
The  axis  of  symmetry  through  the  centres  of  the  two  chief  massea  inclined  at 
30^  to  the  meridian.  Diameter  of  elliptio  light  from  7'  to  8'.  Not  resolvable, 
but  four  stars  are  visible  on  it  of  the  12th,  13th,  and  14th  magnitude.  The 
southern  head  is  denser  than  the  northern.  This  extraordinary  object  was  also 
observed  by  Sir  W.  Herschel,  who  recognised  the  same  peculiar  form.  Sir  J. 
Herschel  considers  that  the  most  remarkable  circumstances  attending  it  is  the 
faint  nebulosity  which  fills  up  the  lateral  concavities  of  its  form,  and  in  fact  con- 
verts them  into  protuberances,  so  as  to  render  the  whole  outline  a  regular  ellipse, 
having  for  its  shorter  axis  the  common  axis  of  the  two  bright  masses.  If  it  be 
regarded  as  a  mass  in  rotation,  it  is  around  this  shorter  axis  it  must  revolve.  In 
that  case,  he  considers  that  its  real  form  must  be  that  of  an  oblate  spheroid ;  and 
as  it  does  not  follow  that  the  brightest  portions  must  be  of  necessity  the  densest, 
this  supposition  would  not  be  incompatible  with  dynamical  laws,  at  least  sup- 
posing its  parts  to  be  capable  of  exerting  pressure  on  each  other.  But  if  it  con- 
sist of  distinct  stars  this  cannot  be  admitted,  and  wo  must  then  have  recourse  to 
other  suppositions  to  account  for  the  maintenance  of  its  form.  Sir  John  Her- 
schel, it  will  be  observed,  failed  to  resolve  this  nebula. 

Plate  XXIV.  fig,  1.  — The  same  object  as  shown  by  the  telescope  of  Lord 
Rosse,  three  feet  aperture,  twenty-seven  feet  focal  length. 

Plate  XX.  fig,  1.— The  same  object  as  shown  with  the  great  telescope  of  Lord 
Ro9se,  six  feet  aperture,  fifty-three  feet  focal  length. 

The  difi'erence  between  these  two  representations  and  that  given  by  Sir  John 
Herschel  of  the  same  object,  will  illustrate  in  a  very  striking  manner  the  obser- 
vations already  made  on  the  effects  of  different  magnifying  and  defining  powers 
upon  the  appearance  of  the  object  under  examination.  These  three  figures  could 
scarcely  be  conceived  to  be  representations  of  the  same  object. 

To  explain  the  difference  observable  between  the  drawing,  Plate  XXIY.^.  1., 
made  with  the  smaller  telescope,  and  the  drawing,  Plate  XX.  ^.  1.,  made  with 
the  larger  instrument,  Lord  Rosse  observes,  that  while  the  application  of  a  high 
magnifying  power  brings  out  minute  stars  not  visible  with  lower  powers,  it  com- 
pletely extinguishes  nebulosity  which  the  lower  powers  render  visible.  The 
opticid  reason  for  this  will  be  easily  perceived ;  the  circumstance  was  neverthe- 
less  overlooked  when  the  observations  were  made  from  which  the  drawing.  Piste 
XXIV.  fig.  1.  was  taken.  Only  one  magnifying  power,  and  that  a  very  high  one, 
was  used  on  that  occasion,  the  consequence  of  which  was  that,  although  the  two 
knobs  of  the  dumb-bell  were  more  fully  resolved,  the  nebulous  matter  filling  the 
intermediate  space,  which  Herschel  considered  to  be  the  most  remarkable  feature 
of  this  nebula,  was  entirely  extinguished  in  the  optical  image.  If  on  that  occa- 
alon  a  second  eye-piece  had  been  used  of  lower  power,  the  intermediate  nebulous 
matter  would  have  been  seen,  as  represented  in  the  drawing,  and  the  drawing 
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%<m\d  be  u  perfect  u,  and  nearly  identical  with,  that  obtained  with  the  greater 
telescope,  Plate  XX.  fg.  1.,  a  lower  power  being  used. 

It  will  be  observed  that  the  generat  outline  of  this  remarkable  object  which  is 
BO  geometrically  exact  as  seen  with  the  inferior  power  used  by  Sir  John  Herschel, 
is  totally  effaced  by  the  application  of  the  higher  powers  used  by  Lord  Ro8se» 
and  consequently  Sir  John  Herschel's  theoretical  speculations  based  upon  this 
particular  form,  must  be  regarded  as  losing  much  of  their  foroci  if  not  wholly 
inadmissible;  and  this  is  an  example  proving  how  unsafe  it  is  to  draw  any  the- 
oretical inferences  from  apparent  peculiarities  of  form  or  structure  in  these 
objects,  which  may  be  only  the  effect  of  the  imperfect  impressions  we  receive  of 
them,  and  which,  consequently,  disappear  when  higher  telescopic  powers  are 
applied.  The  case  of  the  nebula  represented  in  Plate  XXlLJigt.  1.  and  2.  pre- 
sents another  striking  example  of  the  force  of  Uiese  observations. 

Plate  XX.  Jig.  4,  r  A  8*  47- 13-.  H  p  D  67®  11'.  —  This  object,  drawn  by  Sir  J. 
llerschel,  is  the  annular  nebula  between  fi  and  y  Lyne.  He  estimates  its  diam- 
eter at  0*5"  R  A.  The  annulus  is  oval,  its  lonser  axis  being  inclined  at  57®  to  the 
meridian.  The  central  vacuity  is  not  black,  but  filled  with  a  nebulous  light. 
The  edges  are  not  sharply  cut  off,  but  ill  defined;  they  exhibit  a  curdled  and 
confused  appearance,  like  that  of  stars  out  of  focus.  He  considers  it  not  well 
represented  in  the  drawing. 

Plate  XX.  Jig,  2.  —  The  same  object  as  shown  in  the  telescope  of  Lord  Rosse. 
This  drawing  was  made  with  the  smaller  telescope,  three  feet  aperture,  before  the 
great  telescope  had  been  erected.  The  nebula  was  observed  seven  times  in  1848, 
and  once  in  1849.  With  the  large  telescope,  the  central  opening  showed  con- 
siderably more  nebulosity  than  it  appeared  to  have  with  the  smaller  instrument. 
It  was  also  noticed,  that  several  small  stars  were  seen  around  it  with  the  large 
instrument,  which  did  not  appear  with  the  smaller  one,  firom  which  it  was  inferred 
that  the  stars  seen  in  the  dark  opening  of  the  ring  may  possibly  be  merely  acci- 
dental,  and  have  no  physical  relation  to  the  nebula.  In  the  annulus  near  the 
extremity  of  the  minor  axis,  several  minute  stars  were  visible. 

Plate  XX.  Jig.  5.  R  A  13^  28"  53".  ii  p  n  107'*  0'  50".  Diameter  of  faint  nebula, 
2'.  Diameter  of  bright  part,  10"  or  15".  —  Described  as  a  faint  large  nebula 
losing  itself  quite  imperceptibly;  a  good  type  of  its  class.     (Herschel.) 

Plate  XX.  Jig.  7.  R  A  17"  44-  42«.  if  p  d  66*>  52'  41".  Perceptible  disk  1",  or 
1*5"  diameter.  Surrounded  by  a  very  faint  nebula. — A  eurious  objeoL  (Her- 
schel.) 

Plate  XX.  Jig.  8.  ha  19^  40"  19*.  h  p  n  39<'  54'.— A  most  curious  object  A 
star  of  the  11th  magnitude,  surrounded  by  a  very  bright  and  perfectly  round 

Slaoetary  nebula  of  uuiform  light    Diameter  in  ra  3*5",  perhaps  a  very  little 
azy  at  the  edges.     (Herschel.) 
Plate  XX.  Jig.  9.     r  a  lO''  28-  7".    h  p  d  35®  36'  32".— A  bright  round  nebula, 
forming  almost  a  disk  15"  diameter,  surrounded  by  a  very  feeble  atmosphere. 
(  Herschel.) 

3389.  Large  and  irrpguJar  nebulas.  —  All  the  nebulae  described 
above,  are  objects  generally  of  regular  form  and  subtending  small 
▼isual  angles.  There  are  others,  however,  of  a  very  different  cha- 
racter, which  cannot  be  passed  without  some  notice.  These  objects 
cover  spaces  on  the  firmament,  many  nearly  as  extensive  as,  and 
some  much  more  extensive  than,  the  moon's  disk.  Some  of  them 
have  been  resolved.  Of  those  which  are  larger  and  more  diffused, 
Bome  exhibit  irregularly  shaped  patches  of  nebulous  light,  affecting 
forms  resembling  those  of  clouds,  in  which  tracts  are  seen  in  every 
stage  of  resolution,  from  nebulosity  irresolvable  by  the  largest  and 
most  powerful  telescopes,  to  stars  perfectly  separated  like  parts  of 
the  milky  way,  and  <' clustering  groups  sufficiently  insulated  and 
condensed  to  come  under  the  designation  of  irregular  and,  in  8om6 
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cases/pretty  rich  clusters.  Bat,  besides  these,  there  are  also  nebula 
in  abundance,  both  regular  and  irregular;  globular  dusters  in  every 
state  of  condensation,  and  objects  of  a  nebulous  character  quite 
peculiar,  which  have  no  analogy  in  any  other  part  of  the  heavens."* 

3390.  Rich  duster  in  the  Centaur, — ^The  star  <*  Centauri  presents 
one  of  the  most  striking  examples  of  the  class  of  large  diflPused 
clusters.  It  is  nearly  round,  and  has  an  apparent  diameter  equal 
to  two- thirds  of  that  of  the  moon.  This  remarkable  object  was 
included  in  Mr.  Dunlop's  catalogue  (Phil.  Trans.  1828) ;  but  it  is 
from  the  observations  of  Sir  John  Herschel,  at  the  Cape,  that  the 
knowledge  of  its  splendid  character  is  derived.  That  aatronomer 
pronounces  it,  beyond  all  comparison,  the  richest  and  largest  object 
of  the  kind  in  the  heavens.  The  stars  composing  it  are  literally 
innumerable;  and  as  their  collective  light  affects  the  eye  hardly 
more  than  that  of  a  star  of  the  fifth  magnitude,  the  minuteness  of 
each  of  them  may  be  imagined.  The  apparent  magnitude  of  this 
object  is  such  that,  when  it  was  oonccDtric  with  the  field  of  Sir  J. 
Herschers  20  ft  telescope,  the  straggling  stars  at  the  edges  were 
beyond  the  limit  of  the  field.  In  stating  that  the  diameter  is  two- 
thirds  of  the  moon's  disk,  it  must  be  understood  to  apply  to  the 
diameter  of  the  condensed  duster,  and  not  to  include  the  straggling 
stars  at  the  edges.  When  the  centre  of  the  cluster  was  brought  to 
the  edge  of  the  field,  the  outer  stars  extended  fully  half  a  radius 
beyond  the  middle  of  it.f 

The  appearance  of  this  magnificent  object  resembles  that  shown 
in  Plate  XXI.  fig,  1,  only  that  the  stars  are  much  more  densely 
crowded  together,  and  the  outline  more  circular^  indicating  a  pretty 
exact  globe  as  the  real  form  of  the  mass. 

3391.  The  great  nebula  in  Orion. — ^The  position  of  this  extra- 
ordinary object  is  in  the  sword-handle  of  the  figure  which  forms  the 
coustellation  of  Orion.  It  consists  of  irregular  cloud-shaped  nebu- 
lous patches,  extending  over  a  surface  about  40^  square ;  that  is, 
one  whose  apparent  breadth  and  height  exceed  the  apparent  diame- 
ter of  the  moon  by  about  one-third,  and  whose  superficial  magnitude 
is,  therefore,  rather  more  than  twice  that  of  the  moon's  disk. 
Drawings  of  this  nebula  have  been  made  by  several  observers,  and 
engravings  of  them  have  been  already  published  in  various  works. 

In  Plate  XXIV.  y^.  2  is  given  a  representation  of  the  central  part 
of  this  object.  The  portion  here  represented  measures  25'  in  height 
and  25'  in  breadth ;  a  height  and  breadth  about  on&«ixth  less  than 
the  diameter  of  the  moon.  An  engraving  upon  a  very  large  8cal<3, 
of  the  entire  extent  of  the  nebula,  with  an  indication  of  the  various 
stars  which  serve  as  a  sort  of  landmarks  to  it,  may  be  seen  by  refe- 

*  Herschel,  Outlines  of  Astronomy,  p.  613. 
t  Cape  Observations,  p.  21. 
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rence  to  Sir  J.  Herschers  ''  Cape  Obseryations/'  accompanied  by 
the  interesting  details  of  his  observatioDs  upon  it. 

Sir  J.  Herschel  describes  the  brightest  portion  of  this  nebula  as 
resembling  the  head  and  yawning  jaws  of  some  monstrous  animal, 
with  a  sort  of  proboscis  running  oat  from  the  snout.  The  stars 
scattered  over  it  probably  have  no  connection  with  it,  and  are  doubt- 
less placed  much  nearer  to  our  system  than  the  nebula,  being 
yisually  projected  upon  it.  Parts  of  this  nebula,  when  submitted 
to  the  powers  of  Lord  Bosse's  telescopes,  show  evident  indications 
of  resolvability. 

3392.  The  great  nehuJa  in  Argo, — This  is  an  object  of  the  same 
class,  and  presenting  like  appearances;  it  is  diffused  around  the 
star  fi  in  the  constellation  here  named,  and  formed  a  special  subject 
of  observations  by  Sir  J.  Herschel,  during  his  residence  at  the 
Capo.  An  engraving  of  it  on  a  large  scale,  giving  all  its  details, 
may  be  seen  in  the  *'  Cape  Observations.'^  The  position  of  the 
centre  of  the  nebula  is,  R  A  10°  38'  38",  n  p  d  148*^  47'. 

This  object  consists  of  diffused  irregular  nebulous  patches, 
extending  over  a  surface  measuring  nearly  7'  ^time)  in  right  ascen- 
sion, and  68'  in  declination ;  the  entire  area,  therefore,  being  equal 
to  a  square  space,  whose  side  would  measure  one  degree.  It 
occupies,  therefore,  a  space  on  the  heavens  about  five  times  greater 
than  the  disk  of  the  moon. 

A  part  of  the  nebula  immediately  surrounding  the  central  star  is 
represented  in  Plate  XXY.  The  space  here  represented  measures 
about  one-fourth  of  the  entire  extent  of  the  nebula,  in  declination, 
and  one-third  in  right  ascension,  and  about  a  twelfth  of  its  entire 
magnitude. 

No  part  of  this  remarkable  object  has  shown  the  least  tendency 
to  resolvability.  It  is  entirely  compressed  within  the  limits  of  that 
part  of  the  milky  way  which  traverses  the  southern  firmament,  the 
stars  of  which  are  seen  projected  upon  it  in  thousands.  Sir  J. 
Herschel  has  actually  counted  1200  of  these  stars  projected  upon  a 
part  of  this  nebula,  measuring  no  more  than  28'  in  declination,  and 
32'  in*  right  ascension,  and  he  thinks  that  it  is  impossible  to  avoid 
the  conclusion,  that  in  looking  at  it  we  see  through  and  beyond  the 
milky  way,  far  out  into  space  through  a  starless  region,  disconnect- 
ing it  altogether  with  our  system. 

3393.  Magellanic  clouds.  —  These  are  two  extensive  nebulous 
patches  also  seen  on  the  southern  firmament,  the  greater  called  the 
nubecula  majors  being  included  between  R  A  4**  40",  and  6**  0"  and 
NPD  156^  and  162^,  occupying  a  superficial  area  of  42  square 
degrees;  and  the  other  called  the  nubecula  minoTy  being  included 
between  ra  O"*  21"  and  l**  15*  and  between  npd  162°  and  165®, 
covering  about  10  square  degrees. 

These  nebulfle  consist  of  patches  of  every  character,  some  irre- 
III.  62 
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Bolvable,  and  others  reftolyable  in  all  degrees,  and  mixed  with  dufi- 
ters;  in  fine,  having  all  the  characters  already  explained  in  the 
cases  of  the  large  diffused  nebulae  described  aboTe.  So  great  is  the 
number  of  distinct  nebulas  and  clusters  crowded  together  in  these 
tracts  of  the  firmament,  that  278,  besides  50  or  60  outlieis,  have 
been  enumerated  by  Sir  J.  Herschel;  within  theareaof  thenabecula 
major  alone. 


CHAP.  XXX. 

NOTICES  OF  REMARKABLE  ASTRONOMICAL  INSTRUMENTS. 

3394.  Classification  of  the  instrument*  of  obmrvcUton. —  In  the 
sixth  Chapter  of  this  book,  an  explanation  of  the  principle  of  the 
construction,  the  form,  and  application  of  the  most  necessary  instm- 
monts  of  an  observatory,  is  given,  such  as  was  deemed  snfficient  to 
render  intelligible  the  succeeding  parts  of  the  work.  The  instra- 
ments  selected  for  that  purpose  were  those  which  seemed  best 
adapted  fo  illustrate  the  theoretioal  principles  afterwards  developed, 
and  to  show,  in  the  most  simple  manner,  the  mode  in  which  the 
various  data  on  which  these  principles  rest  were  obtained.  It  ms 
thought  more  conducive  to  the  progress  of  the  student  to  postpone 
the  exposition  of  other  instruments  of  observation  until  the  import- 
ance and  magnitude  of  the  results  attained  by  them  could  be  more 
adequately  appreciated,  and  the  principles  of  their  stnieture  and 
mechanism  more  clearly  comprehended. 

We  shall  now,  therefore,  conclude  this  volume  with  a  short  notice 
of  some  of  the  most  generally  useful  and  some  of  tlie  most  remark- 
able instruments  of  astronomical  observation,  including  the  most 
important  of  those  recently  erected  in  different  countries,  and  some 
which  have  been  rendered  memorable  by  the  uses  to  which  they 
have  been  subservient.  If  we  omit  some,  more  especially  those  in 
observatories  erected  and  conducted  at  the  charge  of  private  indi- 
viduals, it  is  from  no  undue  sense  of  their  value  and  importance, 
nor  from  any  disinclination  to  award  the  praise  due  to  the  spirit 
which  has  prompted  such  devotion  of  time  and  fortune  to  the  ad- 
vancement of  the  noblest  of  the  sciences,  but  from  the  necessity 
under  which  the  objects  and  purposes  of  this  work  place  us  to  con- 
fine it  within  certain  limits  of  bulk. 

All  astronoihical  observation  is  limited  either  to  ascertain  the 
magnitudes,  forms,  and  appearance  of  celestial  objects,  or  to 
determine  the  places  they  occupy  at  any  given  moment  on  the 
firmament. 

To  attain  the  former  object^  telescopes  are  oonstraoted  with  the 
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greatest  practicable  magoifjiDg  and  fllQmiDating  powers,  and  so 
mounted  as  to  enable  the  observer  with  all  the  requisite  facility  to 
present  them  to  those  parts  of  the  heavens  in  which  the  objects  of 
his  observation  are  placed. 

To  attain  the  latter,  it  is  necessary  to  provide  an  apparatus  by 
which  the  direction  of  the  visual  line  of  the  object  of  observation 
relatively  to  some  fixed  line  and  some  fixed  plane  can  be  ascertained. 
The  visual  line  being  the  straight  line  drawn  from  the  eye  of  the 
observer  to  the  object,  at  the  moment  of  the  observation,  and  having, 
therefore,  no  material  tangible  or  permanent  existence,  by  which  it 
can  be  submitted  to  measurement,  it  is  necessary  to  contrive  some 
material  line  with  which  the  visual  line  shall  coincide.  The  tele- 
fwope  supplies  an  easy  and  exact  means  of  accomplishing  this. 
When  it  is  directed  so  that  the  object  or  its  centre,  if  it  have  a  disk, 
is  seen  upon  the  intersection  of  the  middle  wires  in  the  eye-pieoe, 
the  visual  direction  of  the  object  is  the  line  drawn  from  the  centre 
of  the  object-glass  of  the  telecsope  to  the  intersection  of  the  middle 
wires. 

Now  the  telescope  being  attached  to  a  graduated  circle  is  so 
placed,  that  the  line  joining  the  centre  of  the  object-glass  with  the 
intersection  of  the  wires  is  parallel  to  a  diameter  of  the  circle.  This 
diameter  will,  therefore,  be  the  direction  of  the  visual  line.  If  the 
circle  thus  arranged  be  so  mounted  that  a  line  drawn  from  the 
observer  to  the  fixed  point  of  reference,  whatever  that  point  be, 
shall  be  parallel  also  to  a  diameter  of  the  circle,  and  if  the  circle  be 
BO  mounted  that,  however  its  position  may  otherwise  be  changed, 
one  of  its  diameters  shall  always  pass  throush  the  fixed  point  of 
reference,  the  angular  distance  of  the  object  of  observation  from  the 
fixed  point  of  reference  will  always  be  equal  to  the  angle  formed  by 
the  two  diameters  of  the  circle,  one  of  which  is  parallel  to  the  line 
joining  the  centre  of  the  object-glass,  with  the  intersection  of  the 
wires  at  the  moment  of  the  observation,  and  the  other  parallel  to 
the  line  drawn  from  the  observer  to  the  fixed  point  of  reference. 

But  this  is  not  yet  enough  to  determine  in  a  definite  manner  the 
position  of  the  object  on  the  heavens.  A  great  many  different  ob« 
jects  may  have  the  same  angular  distance  from  the  fixed  point  of 
reference.  If  a  plane  be  imagined  to  pass  at  right  angles  to  a  line 
drawn  from  the  observer  to  the  fixed  point  of  reference,  it  will  inter- 
sect the  celestial  sphere  in  a  certain  circle,  every  point  of  which  will 
obviously  be  at  the  same  angular  distance  from  the  point  of  refe* 
rence.  To  render  the  position  of  the  object  of  observation  determi- 
nate, it  is  therefore  necessary  to  know  the  position  of  the  plane  of 
the  graduated  circle,  with  relation  to  a  circle  whose  plane  is  at  right 
angles  to  that  diameter  of  the  celestial  sphere  which  passes  through 
the  fixed  point  of  reference. 
The  plane  of  the  graduated  sircle  may  be  fixed  or  moveable.     If 
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fixed,  ita  position  with  relation  to  the  filed  point  of  reference  is 
ascertftined  once  for  all ;  after  which ,  the  position  of  the  object  of 
observation  will  be  determined  merely  by  its  angalar  distance  from 
the  point  of  reference.  If  moveable,  it  is  necessary  to  provide 
another  graduated  circle,  the  plane  of  which  is  perpendicular  to  the 
first,  and  upon  which  some  fixed  direction  is  marked.  The  position 
of  the  plane  of  the  moveable  circle,  which  carries  the  telescope, 
with  relation  to  this  latter  fixed  direction,  is  then  ascertained  by  the 
arc  of  the  second  graduated  circle,  which  is  included  between  the 
moveable  circle  and  such  fixed  direction. 

All  instruments  of  observation  for  determining  the  position  of 
objects  on.  the  celestial  sphere  are  constructed  and  mounted  on  one 
or  other  of  these  principles ;  and  they  differ  one  from  another  in 
respect  to  the  point  adopted  as  the  fixed  point  of  reference,  and  the 
plane  at  right  angles  to  the  diameter  of  the  sphere  passing  through 
that  point  with  relation  to  which  the  position  of  the  circle,  if  it  be 
moveable,  is  determined. 

The  fixed  point  of  reference  is,  in  all  cases,  either  the  zenith  or 
the  pole ;  and  the  plane  of  reference,  consequently,  either  that  of 
the  horizon  or  the  equator. 

When  the  plane  of  the  graduated  circle  carrying  the  telescope  is 
fixed,  it  is  almost  invariably  that  of  the  meridian,  but  in  certain  in* 
stances  the  circle  has  been  fixed  in  the  vertical  plane  at  right  angles 
to  the  meridian,  that  is  to  say,  in  the  plane  of  the  prime  vertical. 

It  will  be  obvious  that  the  mural  circle  (2407)  and  the  transit 
(2397)  are  meridional  instruments. 

When  the  fixed  point  of  reference  is  the  zenith,  and  the  gradu- 
ated circle  is  moveable,  the  immediate  results  of  the  observations 
made  with  the  instrument  are  the  zenith  distance  or  altitude  and 
the  azimuth  of  the  object  observed.  Such  instruments  are,  conse- 
quently, denominated  altitude  and  azimuth  circles,  or  altazi- 
muth INSTRUMENTS. 

When  the  fixed  point  of  reference  is  the  pole,  and  the  graduated 
circle  is  moveable,  the  immediate  results  of  the  observations  made 
with  the  instrument  are  the  polar  distance  or  declination  and  the 
right  ascension  of  the  object  observed;  and  the  motion  of  the  in- 
strument being  parallel  to  the  celestial  equator,  it  is  called  an  equa- 
torial (2336). 

These  general  principles  being  understood,  we  shall  ^ve  a  few 
examples  of  each  class  of  instrument,  commencing  with  Uiose  which 
are  adapted  to  the  investigation  of  the  magnitude,  appearance,  and 
structure  of  the  celestial  objects,  without  reference  to  their  exact 
position  in  the  firmament 

3395.  Sir  W.  HerscIwVs  fortj^-feet  reflector.  —  This  instrument, 
which  is  memorable  as  the  first  ever  constructed  upon  a  scale  of 
such  stupendous  magnitude,  and  still  more  so  for  the  vast  discove- 
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ries  made  with  it  by  its  illustrious  inrentor  and  coustrnotor,  is  re- 
presented in  Plate  XXVII.  It  will  be  seen  in  the  drawing  that 
the  instrument  is  mounted  on  a  platform  which  revolves  in  azimuth 
on  a  series  of  rollers.  The  telescope  is  placed  between  four  ladders, 
which  serve  the  double  purpose  of  a  framework  for  its  support  and 
a  convenient  means  of  approaching  the  superior  end  of  the  great 
tube.  These  ladders  are  united  at  the  top  by  being  bolted  to  a 
cross  bar,  to  which  the  pulleys  are  attached.  By  one  system  of 
pulleys,  the  telescope  is  raised  or  lowered ;  and  by  another  the  gal- 
lery or  balcony  in  which  the  observer  stands  is  also  raised  or  low- 
ered, so  as  to  enable  him  to  look  into  the  tube.  These  pulleys  are 
each  worked  by  a  windlass  established  on  the  platform  below.  The 
framing  is  strengthened  by  another  system  of  diagonal  ladders,  as 
well  as  various  masts  and  braces  which  appear  in  the  figure.  The 
telescope  is  so  mounted  that  it  can  be  raised  until  its  axis  is  vertical, 
so  that  an  object  in  the  zenith  can  be  observed  with  it.  The  ob- 
server's gallery  rests  in  grooves  upon  the  ladders,  and  slides  up  and 
down  easily  and  smoothly  by  the  operation  of  the  pulley,  so  that 
when  the  telescope  tube  is  elevated,  even  to  the  zenith,  the  observer 
can  ascend  and  descend  at  pleasure  by  signals  given  to  the  man  at 
the  windlass.  A  small  staircase  is  placed  near  the  foot  of  one  of 
the  principal  ladders,  by  which  observers  can  mount  into  the  gallery 
when  it  is  let  down  to  its  lowest  point 

The  total  length  of  the  telescope  tube  is  39  ft  4  in.,  and  its  dear 
diameter  4  ft  10  in.  It  is  constructed  entirely  of  iron.  The  great 
speculum  is  placed  in  the  lower  end  of  the  tube,  the  apparatus  for 
adjusting  it  being  protected  by  the  wooden  structure  which  appears 
in  the  figure.  The  diameter  of  the  speculum  is  4  ft,  and  the  mag- 
nitude of  its  reflecting  surface  is  consequently  12*566  square  feet 
It  contains  1050  lb  of  metal. 

The  axis  of  the  speculum,  when  placed  in  the  tube,  is  so  inclined 
to  the  tube  that  its  focus  is  at  about  two  inches  from  the  lower 
edge  of  the  upper  mouth  of  the  tube,  so  that  the  observer,  stand- 
ing in  the  gallery  with  his  back  to  the  object,  and  looking  over  the 
edge  of  the  tube  towards  the  speculum,  can  direct  an  eye-piece  con- 
veniently mounted  at  that  point  upon  the  image  of  the  object  of 
observation  formed  by  reflection  in  the  focus. 

Three  persons  are  employed  in  conducting  the  observations :  the 
observer,  who  stands  in  the  gallery;  his  amanuensis,  who  may 
either  be  in  the  gallery  or  in  the  wooden  house  below,  receiving 
the  dictation  of  the  observer  by  a  speaking  tubej  and  the  person 
who  works  the  windlass. 

3396.  The  lesser  JRoise  telescope. — This  instrument,  with  its 
mounting,  is  represented  in  Plate  XXYIII.  The  arrangements 
are  so  similar  to  those  of  the  Herschelian  instrument  described 
above,  that  they  will  be  easily  understood  from  the  Plate  without 

62* 


788  ASTBONOHT. 

further  description.  The  Bpecalmn  is  3  feet  aperture,  and  7*068 
square  feet  reflecting  surface.  The  length  of  the  telescope  is  27 
feet.  It  is  erected  upon  the  pleasure-grounds  at  Parsonstown  Castle, 
the  seat  of  its  illustrious  constructor.  The  weight  of  metal  in  the 
speculum  is  about  13  cwt. 

8397.  The  greater  Rasse  telescope, — This  stupendous  instrument 
of  celestial  inyestigation,  by  far  the  largest  and  most  powerful  erer 
constructed,  is  represented  in  Plates  XXIX.  and  XXX.  from  draw- 
ings made  for  this  work  under  the  superintendence  of  his  Lordship 
himself.  Plate  XXIX.  presents  a  North,  and  Plate  XXX.  a 
South  view  of  the  instrument. 

The  clear  aperture  is  6  ft.,  and  consequently  the  magnitude  of 
the  reflecting  surface  is  28*274  square  feet,  being  greater  than  that 
of  Herschers  great  telescope  in  the  ratio  of  7  to  3. 

The  instrument  is  at  present  used  as  a  Newtonian  tdesoope 
(1215),  that  is  to  say,  the  rays  proceeding  along  the  axis  o(  the 
great  speculum  are  received  at  an  angle  of  45^  upon  a  second  small 
speculum,  by  which  the  focus  is  thrown  towards  the  side  of  the  tube 
where  the  eye-piece  is  directed  upon  them.  Provision  is,  however, 
made  to  use  the  instrument  also  as  an  Hersohelian  telescope. 

The  great  tube  is  supported  at  the  lower  end  upon  a  massive 
universal  joint  of  cast-iron,  resting  on  a  pier  of  stone-work  buried  in 
the  ground,  and  is  so  counterpoised  as  to  be  moved  with  great  ease 
in  declination.  In  all  such  instruments,  when  it  is  required  to 
direct  them  to  an  object,  they  are  first  brought  to  the  desired  direc- 
tion by  some  expedient  capable  of  moving  them  rapidly,  and  they 
are  afterwards  brought  exactly  upon  the  object  by  a  slower  and  more 
delicate  motion.  In  this  case,  the  quick  motion  is  given  by  a 
windlass,  worked  upon  the  ground  by  an  assistant  at  the  command 
of  the  observer.  The  slow  motion  is  imparted  by  a  mechanism 
placed  under  the  hand  of  the  observer. 

The  extreme  range  of  the  telescope  in  right  ascension,  when 
directed  to  the  equator,  is  1  hour  in  time  or  15^  in  space;  but  when 
directed  to  higher  declinations,  its  range  is  more  extensive. 

The  tube  is  slung  entirely  by  chains,  and  is  perfectly  steady, 
even  in  a  gale  of  wind. 

When  presented  to  the  south,  the  tube  can  be  lowered  until  it  is 
nearly  horizontal  ]  towards  the  north,  it  can  only  be  depressed  to 
the  altitude  of  the  pole.  The  apparatus  of  suspension  is  so  arranged 
that  the  instrument  may  be  worked  as  an  equatorial,  and  it  is  even 
intended  to  apply  a  clock-work  mechanism  to  it. 

The  horizontal  axis  of  the  great  universal  joint,  by  which  the 
lower  end  is  supported,  carries  an  index  pointing  to  polar  distance, 
and  playing  on  a  graduated  arc  of  6  feet  radius.  By  this  means, 
the  telescope  is  easily  set  in  polar  distance.     The  same  object  if 
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also  attained,  and  with  greater  precision,  by  a  20-it)ch  circle  attached 
to  the  iDBtruineDt. 

Two  specula  havebcen  provided  for  the  telescope,  one  of  which 
contains  3},  and  the  other  4  tons  of  metal,  the  composition  of  which 
is  126  parts  in  weight  of  copper  to  57}  of  tin. 

The  great  tube  is  of  wood  hooped  with  iron,  and  is  7  feet  dia- 
meter,  and  52  in  length.  The  side-walls,  12  feet  distant  from  the 
tube,  are  72  feet  in  length,  48  feet  in  height  on  the  outside,  and 
56  feet  in  the  inside.  These  walls  are  built  in  the  plane  of  the 
meridian. 

The  observer  stands  in  one  or  other  of  four  galleries,  the  three 
highest  of  which  are  drawn  out  from  the  western  wall,  while  the 
fourth  or  lowest  has  for  its  base  an  elevating  platform,  along  the 
surface  of  which  a  gallery  is  moved  from  wall  to  wall  by  a  mechanism 
at  the  command  of  the  observer. 

3898.  Tlic  Qjr/onl  hdhmrter.  —  This  class  of  instrument,  which 
derives  it8  name  from  having  been  first  applied  to  the  measurement 
of  the  diameter  of  the  sun,  consists  of  a  telescope  equatorially 
mounted,  the  object-glass  of  which  is  divided  along  a  plane  passing 
through  its  optic  axis,  each  half  of  the  lens  being  capable  of  being 
moved  in  its  own  plane,  so  that  the  axes  of  the  two  semi-lenses, 
being  always  parallel  to  each  other  and  to  the  axis  of  the  telescope, 
may  be  within  certain  limits  separated  from  each  other,  more  or  less, 
at  the  pleasure  of  the  observer. 

From  what  has  been  explained  in  general  of  the  stmctnre  of  an 
equatorial  instrument  ^336),  and  from  the  drawing  of  this  instru- 
ment given  in  Plate  XaXI.,  the  provisions  for  the  direction  of  the 
telescope  in  right  ascension  and  declination  will  be  easily  compre- 
hended. The  polar  axis,  round  which  the  instrument  turns  in  right 
ascension,  is  fixed  upon  the  fiioe  of  a  block  of  Portland  stone,  and 
the  graduated  circle  measuring  right  ascension  is  seen  at  the  top 
and  at  right  angles  to  the  polar  axis.  This  circle  receives  its  motion 
in  the  usual  way,  from  clockwork,  which  is  attached  to  the  stone 
pier,  and  which,  with  its  impelling  suspended  weight,  is  seen  in  the 
drawing.  Kods  are  provided  by  which  the  observer  can,  at  pleasure, 
set  the  clock  going,  or  stop  it,  and  connect  it  with,  or  disengage  it 
from,  the  equatorial  circle. 

The  circle  for  indicating  polar  distance  or  declination  is  placed 
upon  the  horizontal  axis  of  the  instrument,  and  also  appears  in  the 
drawing  at  the  side  opposite  to  that  at  which  the  telescope  is  attached. 

The  object-glass  of  this  instrument,  sometimes  called  the  ''  divided 
object-glass  micrometer,''  supplies  a  very  accurate  method  of  mea- 
suring angles  which  do  not  exceed  a  certain  limited  magnitude. 

It  appears  by  the  principles  of  optics,  that  when  the  image  of  a 
distant  object  is  produced  by  a  lens,  each  point  of  such  image  is 
formed  by  rays  which  proceed  from  every  point  of  the  lens.     If; 
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tberefore,  a  part  of  the  Iods  be  covered  by  an  opaque  body  or  cat 
away,  each  point  of  the  image  will  still  be  formed  by  the  rays  which 
proceed  from  every  point  of  the  lens  which  is  not  covered  or  cut  attay. 
The  only  difference  which  will  be  observed  in  the  image  will  be, 
that  it  will  be  less  strongly  illuminated,  being  deprived  of  the  rays 
which  it  received  from  the  part  of  the  lens  covered  or  cut  away,  and 
that  it  will  be  less  distinct  in  consequence  of  certain  effects  of  dif- 
fraction which  need  not  be  noticed  here. 

It  follows,  therefore,  that  half  a  lens  will  prodnce  at  the  focus  an 
image  of  a  distant  object,  and  if  two  halves  of  the  same  lens  be 
placed  conoentrically,  they  will  form  two  images,  the  exact  snper- 
position  of  which  will,  in  &ot,  constitute  the  image  formed  by  the 
complete  lens.  Bat  if  the  two  halves  be  not  concentrical,  the  im- 
ages will  not  be  superposed,  but  will  be  separated  by  a  space  cor- 
responding with,  and  proportional  to,  the  distance  between  the 
centres  of  the  two  half  lenses.  Thus,  if  the  lenses  be  directed  to 
the  sun,  two  images  of  the  solar  disc  will  be  produced  at  the  focus 
of  the  lenses,  and  these  images  may  be  shifted  in  their  positions,  the 
centres  approaching  to,  or  receding  from,  one  another,  according  as 
the  centres  of  the  two  half  lenses  approach  to,  or  recede  from,  each 
other;  and  if  the  angular  distance  through  which  either  image 
moves  can  be  known,  it  is  easy  to  see  how,  by  this  means,  the  ap- 
parent diameter  of  such  an  object  as  the  sun  can  be  measured.  For 
this  purpose,  let  the  two  half  lenses  be  first  placed  concentrically^  so 
that  the  two  images  shall  be  exactly  superposed.  Then  let  one  of 
the  two  lenses  be  moved  (the  edges  of  the  semi-lenses  being  always 
maintained  in  contact)^  until  the  image,  formed  by  the  semi-lens, 

which  is  moved,  shall  be  removed  to 
such  a  position  that  the  two  images 
shall  touch  each  other  externally,  as  in 
fig.  879.  In  that  case  it  is  evident 
that  the  centre  of  the  image  formed  by 
the  semi-lens  which  has  been  moved, 
must  have  moved  over  a  space  equal 
Pig.  879.  to  the  diameter  of  the  image  of  the 

disc,  and  if  the  angular  value  of  such 
space  be  known,  the  apparent  diameter  of  the  sun  will  be  known. 

This  was  the  application  of  the  divided  object-glass,  from  which 
the  heliometer  took  its  name.  The  instrument,  however,  has  since 
been  applied  to  so  many  other  important  purposes,  that  the  name 
has  ceased  to  express  its  uses. 

The  two  semi-lenses  forming  the  object-glass  of  the  heliometer 
are  set  edge  to  edge  in  strong  brass  frames,  which  slide  in  grooves 
with  a  smooth  and  even  motion.  They  are  moved  by  fine  screws 
which,  by  the  intervention  of  cog-wheels,  are  turned  by  a  pair  of 
rods  which  pass  along  the  tube  of  the  telescope.     The  separation  of 
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the  centres  of  the  semi-lenses,  and  consequently  the  angular  distance 
between  the  two  images,  is  measured  according  to  a  known  scale  by 
the  number  of  turns  and  parts  of  a  turn  of  the  screw  which  are 
necessary  to  produce  the  separation  or  to  bring  back  the  semi-lenses 
to  a  concentrical  position,  if  they  are  separated. 

It  is  obvious,  that  the  same  principle  will  be  applicable  to 
measure  the  apparent  angular  distance  between  any  two  objects, 
such  as  two  stars,  which  are  so  near  each  other  that  they  may  be 
seen  together  in  the  field  of  view  of  the  telescope.  For  this  pur- 
pose, let  the  semi-lenses  be  first  placed  concentrically.  The  two 
stars  8  and  8^  will  then  be  seen  in  Uieir  proper  positions  in  the  field. 
Let  the  semi-lenses  be  then  moved  so  that  two  images  of  each  star 
will  be  visible.  Let  the  motion  be  continued  until  the  image  of 
the  star  8  by  one  semi-lens  coincides  with  the  image  of  the  other 
star  s'  by  the  other  semi-lens.  The  angular  distance  corresponding 
to  the  separation  of  the  lenses  will  then  be  the  angular  distance 
between  the  stars. 

In  this  heliometer  a  very  ingenious  contrivance  is  introduced  to 
enable  the  observer  to  read  the  scale  by  which  the  angular  magni- 
tude corresponding  to  the  separation  of  the  centres  of  the  semi- 
lenses  is  indicated.  This  is  accomplished  by  placing  a  scale  behind 
the  object-glass  in  the  interior  of  the  telescope  tube,  so  that  it  can 
be  read  by  means  of  a  long  microscope,  the  eye-glass  of  which  is 
placed  near  the  eye-piece  of  the  telescope.  This  interior  scale  is 
illuminated  by  a  piece  of  platinum  wire  placed  near  it,  which  is 
rendered  incandescent  by  a  galvanic  current  transmitted  upon  it  at 
pleasure  by  the  observer.  This  current  is  produced  by  a  Smee's 
battery  placed  in  a  room  below  that  containing  the  heliometer. 

A  very  splendid  instrument  of  this  class  has  been  erected  at  the 
Pultowa  observatory. 

8399.  The  transit  ctrclcy  hy  Trongliton,  —  This  instrument, 
which  is  represented  in  Plate  XXXII.,  unites  the  functions  of  the 
mural  circle  and  the  transit  instrument.  The  telescope  is  fixed 
between  two  parallel  flat  metallic  circles  or* rings,  the  exterior  face 
of  each  of  which  is  graduated  to  5'.  These  flat  rings  are  connected 
with  the  horizontal  axis,  by  two  sets  of  radial  hollow  cones,  so  as  to 
form  two  wheels,  and  they  are  connected  with  each  other  by  various 
bars,  crossing  each  other  so  as  to  form  rhomboidal  fibres,  as  well 
as  by  a  system  of  perpendicular  rods,  which  appear  in  the  figure. 
Each  of  these  rings  is  4  feet  in  diameter.  The  horizontal  axis, 
which  receives  the  spokes  of  each  of  the  wheels,  is  cylindrical  be- 
tween the  wheels,  the  parts  projecting  beyond  them  being  strong 
cones,  which  rest  in  Ys  fixed  on  two  piers  of  solid  stone-work,  5  feet 
6  inches  in  height,  and  a  little  less  than  3  feet  apart.  The  length 
of  the  horizontal  axis  is  3  feet. 

The  faces  of  the  stone  piers  coincide  with  the  plane  of  the  me* 
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ridian.  The  Ys  are  provided  with  adjustmente,  one  of  which  is 
capable  of  raising  and  lowering  the  T,  and  the  other  of  moTing  it 
horizontally  through  small  spaces.  When  the  instmment  is  placed 
on  these  supports,  the  line  of  collimation  of  the  telescope  will  plaj 
nearly  in  the  meridian,  and  it  will  be  made  to  do  so  exactly,  bj 
means  of  the  adjustments,  according  to  the  method  explained  in  the 
case  of  the  transit  instrument  (2398),  et  $eq. 

The  graduated  faces  of  the  two  circles  are  surrounded  by  four  or 
more  microscopes,  by  which  the  observation  is  read  off  in  the  same 
manner  and  subject  to  the  same  conditions  as  have  been  already 
explained  in  the  case  of  the  mural  circle  (2408),  ei  seq, 

3400.  The  Greenwich  transit  circle.  —  The  great  mural  circle 
and  the  transit  instrument  have  lately  been  superseded  at  the  Royal 
Observatory,  Greenwich,  by  an  instrument  upon  the  principle  of 
that  just  described,  but  constructed  upon  a  vast  scale  of  magnitadc, 
and  combined  with  a  variety  of  accessories  by  which  its  stability  and 
the  necessary  precision  of  its  indications  are  secured. 

A  perspective  view  of  this  instrument  is  presented  in  Plate 
XXXni.,  made  from  original  drawings  taken  by  permission  of  the 
Astronomer  Royal. 

It  was  found,  by  the  results  of  observations  made  with  the  great 
10-feet  transit  instrument  previously  in  use  at  Greenwich,  that,  al- 
though it  was  the  best  of  its  class,  and  had  been  constructed  with 
the  greatest  degree  of  artistic  skill,  it  was  nevertheless  so  unstable 
as  to  produce  errors  in  the  determination  of  time,  which  it  was 
possible,  and  therefore  desirable,  to  remove  by  introducing  improved 
principles  of  construction,  which  will  be  presently  explained  in  rela- 
tion to  another  instrument  previously  erected  at  the  Observatory. 

Like  the  transit  circle  of  Trough  ton,  already  described,  this  in« 
strument  consists  of  a  telescope  fixed  between  two  parallel  circles, 
one  of  which  is  graduated,  resting  on  horizontal  supports,  placed 
on  two  stone  piers,  so  that  the  line  of  collimation  moves  in  the  plane 
of  the  meridian. 

.The  telescope  tube,  which  is  nearly  12  feet  long,  consists  of  a 
hollow  cube  of  metal,  at  the  centre  of  which  two  cones  are  bolted 
by  means  of  flunges.  At  the  smaller  end  of  one  cone  is  the  object- 
glass,  and  in  that  of  the  other  the  eye-piece.  Each  of  these  cones 
weighs  1*75  cwt.,  and  the  central  cube  with  its  pivots  weighs  8  cwt. 
The  whole  length  of  the  horizontal  axis  on  which  the  instrument 
rests  is  6  feet,  the  diameter  of  each  of  the  bearings  being  6  inches. 
The  object-glass  is  8  inches  aperture,  its  optical  power  being  suffi- 
cient for  the  observation  of  the  faintest  objects  which  are  presented 
in  the  ordinary  course  of  meridional  observations. 

In  erecting  the  instrument  experiments  were  made,  with  the  view 
of  determining  the  amount  of  drop  produced  by  the  weight  of  the 
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cones  of  tbe  telescope,  when  it  was  found  that  this  qoantitj  did  not 
exceed  the  thousandth  of  an  inch. 

The  parallel  circles  between  which  the  telescope  is  fixed,  are  each 
6  feet  in  diameter,  and  are  finnlj  attached  to  cylindrical  bands,  one 
on  each  side  of  the  central  cube  of  the  telescope.  The  clamping 
apparatus  is  applied  to  the  eastern  circle,  and  the  western  circle  is 
graduated.  The  reading-off  is  eflfeoted  by  means  of  six  microscopes^ 
each  45  inches  in  lengt-h. 

The  graduation  of  the  circle  is  such  as  to  show  approximately 
zenith  distances ;  while  a  pointer  fixed  to  a  block  projecting  from 
the  lower  part  of  the  pier,  directed  to  another  graduated  band  on 
the  outer  or  eastern  side  of  the  circle,  is  used  tor  setting  the  tele- 
scope, and  gives  approximately  north  polar  distances.  A  small 
finder,  with  a  large  field  of  view,  is  attached  to  the  side  of  the  cone 
near  the  eye-piece,  as  well  as  sights  for  directing  the  telescope  to 
stars  by  the  naked  eye. 

A  large  gas-light  conveniently  placed  illuminates,  by  means  of 
reflectors,  the  graduated  arc  of  the  circle  at  the  points  where  the 
several  microscopes  are  fixed,  and  also  the  field  of  the  telescope. 

A  variety  of  other  provisions  and  adjustments  are  attached  to  the 
instrument,  which  it  would  be  impossible  to  render  clearly  intelli- 
gible without  reference  to  the  instrument  itself,  or  very  detailed  and 
elaborate  drawings  of  its  several  parts,  which  our  limits  do  not 
permit  us  to  introduce  here. 

8401.  The  PuUowa  prime  vertical  instrument. — ^This  instrument 
may  be  summarily  described  as  a  transit,  whose  line  of  ooUimation 
moves  in  the  plane  of  the  prime  vertical,  instead  of  that  of  the  me- 
ridian. Nevertheless,  its  astronomical  uses  are  essentially  distinct 
from  those  of  the  transit  instrument  (2397). 

The  first  instrument  made  on  thb  principle  was  erected,  in  the 
beginning  of  the  last  century,  under  the  direction  of  the  celebrated 
Kilmer,  whose  name  is  rendered  memorable  by  the  discovery  of  the 
mobility  of  light  (2959).  It  was  applied  by  that  astronomer  chiefly 
to  observations  on  the  sun  near  the  equinoxes;  but  none  of  the 
purposes  to  which  it  has  more  recently  subserved  appear  to  have 
been  contemplated,  and  the  instrument  was  allowed  to  &11  into 
disuse.  Its  revival,  and  the  idea  of  its  application  to  various  im- 
portant classes  of  observations  in  the  higher  departments  of  practical 
astronomy,  and  more  especially  to  replace  the  zenith  sector  in  obser 
vations  having  for  their  object  the  more  exact  determination  of 
aberration  and  nutation,  and  for  researches  in  stellar  parallax,  is  due 
to  Professor  Bessel.  Many  of  the  improved  details  of  construction 
exhibited  in  the  Pultowa  instrument  are,  however,  due  to  Professor 
Struve,  who,  besides,  has  obtained  such  remarkable  results  by  the 
system  of  observations  which  he  has  made  with  it. 

The  Pultowa  prime  vertical  instrument  was  constructed,  under 
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tbe  direction  of  Professor  Strove,  by  Messrs.  Repsold,  of  Hambarg. 
Two  stoDo  piers  being  erected  in  planes  at  rigbt  angles  to  the 
meridian,  vertical  chairs  are  fixed  upon  the  sammits  in  snch  a 
position  that  the  line  joining  them  is  in  the  plane  of  the  meridian. 
These  chairs  are  the  supports  of  the  cylindrical  extremities  of  the 
horizontal  axis  of  the  instrument,  which  is,  therefore,  also  in  tbe 
plane  of  the  meridian.  The  extremities  of  this  axis  project  beyond 
the  chairs  and  the  piers  on  each  side,  and  the  transit  telescope  is 
keyed  on  to  one  of  them,  while  a  counter-weight  is  keyed  on  to  the 
other.  The  telescope,  having  its  line  of  coUimation  adjusted  at 
right  angles  to  the  horizontal  axis,  revolves  with  this  axis  outside 
the  piers,  in  the  same  manner  exactly  as  the  transit  telescope 
revolves  between  its  piers;  and  as  the  line  of  collimation  of  the 
latter  moves  in  the  plane  of  the  meridian,  that  of  the  transit  tele- 
scope of  the  present  instrument  moves  in  the  plane  of  the  prime 
vertical. 

Adjustments  are  provided  in  connection  with  the  two  chairs,  one 
of  which  raises  and  lowers  the  axis,  and  the  other  moves  it  in  azi- 
muth, similar  exactly  to  those  described  in  the  case  of  the  tranat 
instrument  (2399),  et  seq.  By  these  means,  and  by  proper  levels, 
the  axis  is  rendered  truly  horizontal,  is  brought  exactly  into  the 
plane  of  the  meridian,  and  the  line  of  collimation  is  brought  to 
coincide  with  the  plane  of  the  prime  vertical  by  other  expedients, 
similar  in  principle  to  those  adopted  in  the  case  of  the  transit 
instrument. 

The  instrament,  mounted  on  the  piers,  is  represented  in  Plate 
XXXIY.,  as  seen  from  the  west,  projected  on  the  plane  of  the 
meridian,  the  telescope  being  on  the  north  side,  and  placed  so  that 
the  line  of  collimation  is  directed  to  the  zenith.  The  telescope  has 
7  feet  7  inches  focal  length,  with  an  object-glass  having  a  clear 
aperture  of  6-25  inches.  The  magnifying  power  commonly  used  is 
270.  In  the  eye- piece  a  system  of  seven  parallel  vertical  micro- 
meter wires  is  fixed,  similarly  to  those  of  the  transit  instrament 
^2396),  and  is  similarly  used  with  relation  to  the  clock,  as  already 
aescribed  in  the  case  of  the  latter  instrument.  A  lamp  is  placed  at 
a  convenient  distance  from  the  centre  of  the  telescope,  the  light  of 
which,  admitted  by  a  plate  of  glass  fixed  in  the  side  of  the  tube,  is 
received  upon  a  small  reflector  at  45*'  within,  and  reflected  along 
the  tube,  so  as  to  illuminate  the  wires  at  night. 

To  enable  the  observer  to  direct  the  telescope  to  any  required 
altitude,  a  small  telescope,  called  a  finder^  is  fixed  to  the  outside 
of  the  great  telescope,  near  the  eye-piece,  having  attached  to  it  a 
graduated  circle,  the  plane  of  which  is  parallel  to  the  prime  vertical^ 
and  also  a  level.  The  line  of  collimation  of  the  finder  being  parallel 
to  that  of  the  great  telescope  when  the  former  is  directed  to  any 
altitude  by  means  of  the  level  and  graduated  circle,  the  former  will 
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be  similarly  directed.  This  finder  appears  in  the  drawing  oniade 
the  telescope,  and  a  counterpoise  to  it  is  represented  on  the  inside. 

The  process  of  reversion  of  the  horizontal  axis,  which  in  the 
transit  instmment  is  only  nsed  for  the  purpose  of  adjustment  (2400), 
constitutes,  in  the  case  of  the  prime  vertical  instrument,  an  essential 
part  of  every  observation.  It  #as,  therefore,  of  the  greatest 
importance  that  an  easy,  expeditious,  and  safe  apparatus  for  rever- 
sion should  be  provided.  This  was  contrived  with  great  ingenuity 
by  the  makcre,  and  attended  with  the  most  successful  results — ^results 
to  which  M.  Struve  ascribes  a  great  share  of  the  advantage  obtain£d 
by  this  instrument.  A  part  of  this  apparatus,  by  which  the  hori- 
zontal axis,  with  the  telescope,  counterpoise,  and  their  accessories, 
is  elevated  from  the  chairs,  is  represented  in  the  drawing  above  the 
instrument.  The  two  cords  of  suspension  being  attached  by  hooks 
to  two  points  on  the  axis  at  equal  distances  from  its  centre,  so  as  to 
maintain  the  equilibrium,  the  instrument  is  elevated  by  means  of  a 
windlass  established  on  the  floor  below  it  and  between  the  piers. 
When  raised  to  the  necessary  height,  it  is  turned  through  half  a 
revolution  in  azimuth,  so  that  the  ends  of  the  axis  are  brought 
directly  over  the  chairs,  into  which  they  are  then  let  down.  So 
perfect  is  the  performance  of  this  apparatus,  that  notwithstanding 
the  magnitude  and  weight  of  the  instrument,  the  whole  process  of 
reversion  is  completed  in  sixteen  seconds;  and  the  interval,  from 
the  moment  the  observer  completes  an  observation  with  the  tele- 
scope on  the  north  side,  to  the  moment  he  commences  it  on  the 
south  side,  including  the  time  of  rising  from  the  observing-eouchy 
disengaging' the  clamps,  withdrawing  the  key  from  the  micrometer, 
reversing,  directing  the  instrument  on  the  south  side  to  the  object 
by  means  of  the  finder,  dosing  the  clamps,  returning  the  key  to  the 
micrometer,  and  placing  himself  on  the  observing-couch,  is  only  80 
seconds. 

How  essential  to  the  practical  use  of  the  instrument  this  celerity 
is,  will  be  understood  when  it  is  stated,  that  the  same  object  which 
has  been  observed  on  one  side  must  be  also  observed  on  the  other 
in  the  same  transit .  The  reversion,  therefore,  must  be  completed 
in  less  time  than  that  which  the  object  takes  by  the  diurnal  motion 
to  pass  over  the  space  commanded  by  the  field  of  the  telescope  in 
the  two  positions. 

To  comprehend  the  method  of  applying  this  instrument  to  the 
purposes  of  practical  observation,  it  is  necessary  to  remember  that 
it  is  only  applicable  to  objects  moving  in  parallels  of  declination 
which  intersect  the  prime  vertical.  Such  objects  must  have  northern 
declination  (the  instrument  being  supposed  to  be  established  in  a 
place  having  a  north  latitude),  and  a  polar  distance  greater  than  that 
of  the  zenith  of  the  observatory,  that  is  to  say,  greater  than  its  co- 
latitude.  The  parallels  over  which  such  objects  are  carried  by  the 
m.  63 
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divniil  motioii,  all  inteneot  the  prime  vertioiJ  at  two  points  of  equal 

altitude,  one  on  the  eastern,  and  the  other  on  the  western,  quadrant 
of  that  circle.  In  passing  from  the  east  point  of  intersection  to  the 
west  point,  the  object  passes  over  the  meridian,  and  it  is  evident 
that  the  moment  of  its  meridional  transit  is  predselj  the  middle 
of  the  interval  between  its  two  prime  vertical  transits.  If,  there- 
fore, the  exact  times  of  the  latter  be  observed,  the  time  of  the  me- 
ridional transit  can  be  deduced  bj  a  simple  arithmetical  process. 

To  prepare  the  instrment  for  observation,  let  the  polar  distance 
of  the  object  about  to  be  observed  be  taken  from  the  Tables.  Let 
it  be  expressed  bj  «;  let  the  co-latitude  of  the  observatory,  or, 
what  is  the  same,  the  polar  distance  of  the  senith,  be  x;  and  let  the 
senith  distance  which  the  object  must  have  when  it  comes  on  the 
prime  vertical,  be  z.  These  three  arcs,  «,  x,  and  «,  form  a  right- 
angled  spherical  triangle,  the  right-angle  being  included  bj  %  and  «. 
Let  the  angle  at  the  pole,  or  the  hour  angle,  m  K  We  shall  then, 
bj  the  elementary  principles  of  trigonometiyi  have 

ooe.fr,-.  ,       tan.  x^. 

COS.  z  = (1) :  COS.  A  = (2). 

cos.  x^  '^^  tan.  tr  "^  "^ 

By  the  formula  (1),  the  senith  distance  of  the  points  at  which 
the  object  will  cross  the  prime  vertical  is  known.  The  observer,  by 
means  of  the  finder,  and  the  circle  and  level  attached  to  it^  directs 
the  great  telescope  to  that  zenith  distance  on  the  easteni  quadrant 
of  the  prime  vertical ;  and,  although  the  exact  position  of  the  object 
is  the  thing  sought,  its  approximate  position  is  already  known  with 
that  degree  of  precision  which  ensures  its  passage  through  the  field 
of  the  instrument  when  it  is  set  to  the  zenith  distance  given  by  the 
eaculation  made  from  the  tabular  polar  distance. 

When  the  telescope,  being  on  the  north  side,  is  thus  directed^  and 
clamped  in  its  position,  the  observer  awaits  the  transit,  the  time  of 
which  he  already  knows  approximately  by  the  formula  (2),  which 
gives  the  hour  angle  from  the  meridian  when  the  object  is  over  the 
prime  vertical,  At  the  near  approach  of  the  transit  he  places  him* 
self  on  the  obserring-coach|  and,  seeing  the  object  enter  the  field, 
notes  the  moments  by  the  clock  of  its  transits  over  the  seven  wires 
of  the  micrometer.  Let  these  times  be  expressed  by  t,,  t„  t,,  t^, 
T„  T„  and  T^. 

The  moment  the  transit  over  the  seventh  wire  has  been  observed 
he  rises  and  performs  all  that  is  necessary  for  the  reversion  of  the 
itistrument,  which  being  completed,  he  again  places  himself,  and 
observes  the  transits  over  the  seven  wires  on  the  south  side ;  but  in 
this  case,  owing  to  the  change  of  position,  the  order  of  the  transits 
is  reversed.  Let  the  times  of  transits  be  expressed  by  /n  ^  Is,  l|, 
^  <i,  and  «,. 

Now,  it  is  evident  that  the  true  moment  of  the  transit  over  the 
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prime  vertical  will  be  fonnd  by  taking  a  mean  between  the  times 
of  the  transits  over  all  the  wires  at  both  sides.  If  this  time  be 
expressed  by  t'^  we  shall  then  have 

^  ^  T,  ■>•  T>  +  .  .  >  -f  Tt  +  f,  +  f.  -f  .  .  .  +  <i 
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These  observations  being  completed^  the  observer  awaits  the  transit 
of  the  object  over  the  western  quadrant  of  the  prime  vertical,  when 
he  makes  a  similar  series  of  observations  on  the  transits;  first  with 
the  telescope  on  the  south  side,  in  the  position  it  had  at  the  laat 
observation;  and  then,  after  reversion,  at  the  north  side.  The  true 
moment  of  the  transit  is  fonnd,  in  this  case,  in  the  same  manner  as 
inithb  former. 

Bj  taking  a  mean  of  these  two  means,  or,  what  would  be  equi* 
valent,  a  mean  of  the  tiroes  of  all  the  twenty-eight  transits,  the  time 
of  a  meridional  transit  will  be  obtained. 

The  total  length  of  the  interval,  necessary  to  observe  the  transits 
over  the  wires,  north  and  south,  in  each  quadrant  of  the  prime  ver- 
tical, is  found  to  be  about  eleven  minutes,  less  than  H  minute  of 
which  is  employed  in  the  reversion  of  the  instrument  and  attendant 
arrangements. 

The  time  which  elapses  between  the  observations  on  the  eastern 
and  western  quadrants  of  the  prime  vertical,  will  necessarily  vary 
with  the  polar  distance  of  the  oqjeot;  and  will  be  less  in  proportion 
as  excess  of  that  distance  above  the  co-latitude  is  leas.  The 
•observations  which  have  been  made  with  this  instrument  at 
Pultowa,  have  been  chiefly  confined  to  stars  whose  polar  distanoo 
exceeds  the  co-latitude  by  less  than  2^.  In  that  case,  the  interval 
between  the  observations,  east  and  west,  would  be  less  than  three 
hours. 

Professor  Strove  notices,  in  strong  terms,  the  advantage  which 
this  instrument  possesses  over  others  in  respect  to  the  errors  arising 
from  the  variation  of  the  inclination  of  the  line  of  collimation  to  the 
axis  of  rotation.  In  the  prime  vertical  instrument,  the  deviation 
of  the  line  of  collimation  from  true  perpendicularity  to  the  axis  of 
rotation,  is  assumed  to  be  invariable  only  during  the  short  interval 
of  a  single  observation,  whereas,  in  other  instruments,  its  invaria- 
bility is  assumed  for  twelve  hours,  and  in  some  oases  for  months^ 
and  even  years.  It  has  the  further  great  advantage,  that,  by  rever^ 
sion  in  each  quadrant,  east  and  west,  all  optical  imperfections  whioh 
affect  the  precision  of  the  image  of  the  star  are  absolutely  annihi« 
lated.* 

*  For  a  detailed  account  of  the  Pultowa  prime  vertical  instrument,  see 
I>eeoription  de  TObaervatoire  Aatronomique  de  Pultowa,  par  F.  G.  W. 
Strove.    Also  Aatronpm.  Naehriohten,  No.  468,  tt  m^. 
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8402.  TrfmghtofCi  altitude  and  azimuth  circle. — The  form  of 
instrument  best  adapted  to  render  the  principle  of  altitude  and 
azimuth  instrumeDts  in  general  intelligible,  is  that  which  is  repre- 
sented in  Plate  XXXY.  This  circle  was  originally  constructed  by 
Troughton  for  the  Koyal  Academy  of  St.  Petersburg ;  but,  at  the 
time  of  the  invasion  of  Russia  by  the  French^  the  fear  that  Peters- 
burg might  be  exposed  to  the  same  disasters  as  Moscow,  induced 
the  Russian  authorities  to  relinquish  their  olaim  on  the  instrument, 
and  it  passed  into  the  hands  of  Dr.  Pearson,  at  whose  private 
observatory,  at  Kilworth,  it  was  erected.  Owing  to  the  indispo- 
sition of  Troughton^  the  graduation  of  the  limbs  was  executed  by 
Jones. 

The  drawing  presents  the  circle  so  that  all  the  important  parts 
of  it  are  visible.  The  instrument  is  supported  on  the  capstone  of  a 
strong  stone  pedestal.  Upon  this,  the  fixed  parts  of  the  instru- 
ment, upon  which  it  revolves  in  azimuth,  are  firmly  established. 
They  consist  of  a  solid  vertical  cone,  terminating  below  in  an  hexa- 
gonal solid  mass  of  metal,  each  vertical  face  of  which  measures  3 
inches  square.  From  this  proceed  four  radial  cones,  three  of  which^ 
at  angles  of  120^  with  each  other,  are  supported  on  the  stone 
pedestal  by  feet  supplied  with  adjusting  screws,  by  means  of  which 
the  instrument  is  levelled.  The  fourth  radial  cone,  which  forms  an 
angle  of  60^  with  two  of  the  others,  carries  a  clamp,  which  will  be 
presently  noticed. 

The  moveable  part  of  the  instmment  terminates  at  the  lower 
part  in  a  hollow  cone,  which  appears  in  the  figure  between  the  two 
vertical  pillars,  with  which  it  is  connected  by  a  metallic  collar. 
This  hollow  cone  rests  upon  and  conceals  the  solid  cone  already  de- 
scribed, and,  turning  freely  upon  it;  gives  to  the  instrument  its  azi- 
muth motion. 

A  horizontal  circle,  3  feet  in  diameter,  is  connected  by  conical 
spokes,  in  the  usual  manner,  with  the  lower  ends  of  the  two  vertical 
pillars  and  the  intermediate  hollow  cone. 

To  the  three  radial  cones  of  the  fixed  base  of  the  apparatus,  at 
angles  of  120^,  are  attached  three  pieces,  which  rise  vertically 
outside  the  circle,  and  support  three  microscopes,  by  which  the 
azimuthal  angles  are  read  off.  This  position  for  the  microscopes 
gives  some  practical  advantage,  inasmuch  as  the  observation  is  read 
at  six  different  points  of  the  limb,  when  the  observation  is  repeated 
by  turning  the  oirole  180^  in  azimuth.  To  the  fourth  radial  arm 
of  the  fixed  base  a  clamp  is  attached,  by  which  the  position  of  the 
instrument  b  maintained  in  the  position  it  has  at  the  moment  the 
observation  is  made.  This  clamp  appears  in  the  drawing  with  its 
tightening  screw  above  it,  and  its  tangent  screw  for  giving  the  azi- 
muth circle  a  slow  motion  to  bring  the  instrument  to  its  exact 
position.     This  tangent  screw  terminates  in  a  square^  which  can  be 
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inserted  in  a  square  hole  of  corresponding  magnitude,  connected  by 
an  universal  joint  with  a  rod  of  conYenient  length,  which  the  ob- 
server holds  at  the  moment  of  the  observationi  and  bj  turning  which 
the  whole  instrument  is  moved  slowly  in  azimuth. 

The  vertical  circle  consists  of  two  parallel  limbs,  having  the  tele- 
scope between  them,  constructed  and  connected  in  a  manner  exactly 
similar  to  the  transit  circle  already  described ;  and  this  circle  is  sup- 
ported on  the  two  vertical  pillars  in  the  same  manner  exactly,  as 
already  described  in  the  case  of  the.  transit  oirole  (8399). 

One  only  of  the  two  vertical  circles  is  graduated,  being  divided 
as  well  as  the  horizontal  circle  to  5^  The  clamp,  with  its  tangent 
screw,  is  placed  on  the  side  not  graduated.  The  focal  length  of  the 
telescope  is  44*4  inches,  and  its  aperture  3 1  inches. 

The  observations  of  altitude  are  read  off  by  four  microscopes,  the 
supports  of  which  are  shown  in  the  figure.  Two  are  supported  by 
arms  attached  to  the  vertical  pillar  on  the  graduated  side  of  the 
circle,  and  the  other  two  to  a  hoop  screwed  on  the  pillar  and  to  the 
arms  which  carry  the  two  former. 

The  instrument  is  provided  with  a  plumb-line  and  four  levels,  by 
which  its  proper  position  with  relation  to  the  vertical  direction  can 
be  always  verified. 

8403.  The  Greenwich  alt-azimuth  inUmment,  —  This,  as  the 
name  imports,  is  an  altitude  and  azimuth  circle  in  principle  similar 
to  that  just  described,  but  in  its  construction  and  application  dif- 
ferent from  any  instrument  of  its  class  hitherto  constructed.  The 
purpose  chiefly  to  which  it  is  applied,  and  with  the  view  to  which  it 
was  conceived  by  the  Astronomer  Royal,  is  the  improvement  of  the 
lunar  theory  by  multiplying  in  a  large  ratio  the  observations  which 
can  be  made  from  month  to  month  on  the  moon,  without  in  any 
degree  impairing  their  precision.  Such  observations  were  always 
made  with  the  mural  circle  and  the  transit,  until  this  instrument 
was  brought  into  operation,  and  they  were  consequently  confined  to 
the  meridional  transits  of  the  moon.  Now,  these  transits  cannot  be 
observed,  even  when  the  firmament  is  unclouded,  for  four  days  be- 
fore and  four  days  after  the  new  moon,  in  consequence  of  the 
proximity  of  that  body  to  the  sun ;  an  interval  amounting  to  little 
less  than  one-third  of  the  month.  Besides  this,  it  happens,  in  this 
climate,  that,  at  the  moment  of  the  meridional  transits  at  other 
parts  of  the  month,  the  observation  is  frequently  rendered  imprac- 
ticable by  a  clouded  sky.  It  was,  therefore,  highly  desirable  to 
contrive  some  means  of  making  the  observations  in  extra-meridional 
positions  of  the  moon. 

This  could  obviously  be  accomplished  by  means  of  an  altitude 
and  azimuth  circle,  such  as  that  described  above;  but  such  an  in- 
strument, however  perfect  might  be  its  construction,  is  not  sus- 
ceptible of  the  necessaiy  precision.     The  Astronomer  Royal,  there- 
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8404.  The  Northumherland  telescope —  Cambridge  observatory, 
— ^The  late  Duke  of  Northamberland,  who  filled  during  the  latter 
part  of  bis  life  the  high  and  honourable  oflSce  of  Chancellor  of  the 
University  of  Cambridge,  presented  to  that  university  this  instru- 
ment, whioh,  successively  in  the  bands  of  the  Astronomer  Royal 
And  Professor  Cballis,  has  contributed  so  effectually  to  the  advance- 
ment of  astronomical  science. 

The  instnimeDt,  of  which  a  perspective  view  is  given  in  Plate 
XXXVII.,  together  with  a  view  of  the  building  in  which  it  is 
erected,  oonsishs  of  a  refracting  telescope  of  19 1  feet  focal  length, 
and  11}  inches  aperture  equatoreally  mounted.  The  polar  axis,  as 
appears  in  the  drawing,  consists  of  a  system  of  framing  compc«ed 
of  six  strong  deal  poles,  attached  at  the  ends  to  two  hexagonal 
frames  of  cast  iron,  the  centres  of  which  support  the  upper  and 
lower  pivots  on  which  the  telescope  revolves.  These  poles  at  the 
middle  are  braced  by  transverse  iron  bands,  and  by  a  system  of 
diagonal  rods  of  deal  abutting  near  the  middle  of  the  poles.  These 
give  stiffdess  to  the  entire  framing  of  the  polar  axis,  and  maintain 
the  hexagonal  frames  square  to  it.  Efficient  means  are  provided  to 
give  elasticity  to  the  supports  of  the  pivots  and  smoothness  to  the 
equatoreal  motion. 

The  tube  of  the  telescope  is.  made  of  well-seasoned  deal,  and 
attached  to  one  side  of  it  is  a  flat  brass  bar,  6  feet  long,  cairrying  a 
small  graduated  arc  at  right  angles  to  it  at  one  end,  and  turning  at 
the  other  on  a  pin  fixed  m  the  telescope  tube  at  a  distance  of  30 
inches  from  the  axis  of  revolution.  This  arc,  which  is  called  the 
declination  sector,  serves  to  measure  small  differences  of  declina- 
tion, find  is  read  by  a  micrometer  microscope  fixed  to  the  telescope 
tnbe. 

The  hour  circle,  which  measures  the  equatoreal  n&otion,  is  5| 
feet  diameter,  and  is  so  arranged  that  it  can  be  clamped  to  the 
telescope,  or  disengaged  from  it,  at  pleasure.  It  has  two  indexes 
with  verniers,  one  fixed  to  the  support  of  the  lower  pivot,  and  the 
other  to  the  hexagonal  frame.  By  setting  the  latter  to  a  certain 
angle,  determined  by  an  observation  of  a  star  of  known  right  ascen- 
sion, the  telescope  can  be  directed  to  any  proposed  right  ascension 
by  means  of  the  other  index.  Observations  of  right  ascension  can 
be  made  to  1  second  of  time.  The  outer  rim  of  the  circle  is  cut 
into  teeth,  which  are  acted  on  by  an  endless  screw  connected  at 
pleasure  by  a  brass  rod  with  a  large  clock,  by  which  a  motion  can 
be  given  to  the  telescope  corresponding  with  the  diurnal  motion  of 
the  heavens. 

The  hour  circle  is  clamped  to  the  frame  of  the  axis  by  a  tangent 
screw  clamp  fixed  to  the  frame  itself,  by  means  of  which,  with  the 
aid  of  a  handle  extending  to  the  place  of  the  observer,  he  can, 
when  the  endless  screw  is  applied,  give  motion  to  the  instrument 
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ihroagh  a  limited  space  upon  the  hour  circle.  The  rate  of  motion 
given  to  the  hour  circle  bj  the  clock  is  not  affected  by  this  move- 
ment. The  hour  circle,  therefore,  goiog  according  to  sidereal  time, 
small  differences  of  right  ascension  can  be  measured  by  reading  off 
the  angles  pointed  to  by  the  moveable  index  before  and  after  the 
changes  of  position. 

The  dome  which  covers  the  instrument,  and*  which,  as  well  as  the 
other  details  of  its  erection,  was  constructed  under  the  direction  of 
the  Astronomer  Royal,  who  was  then  the  Cambridge  astronomer,  is 
supported  so  as  to  revolve  on  free  balls  between  concave  channels^ 
holdfasts  of  peculiar  construction  being  provided  to  obviate  the 
eventuality  of  the  dome  being  dislodged  or  blown  off  by  wind  or 
any  other  unusual  disturbance.  The  winch  which  acts  on  the 
machinery  for  turning  the  dome,  is  carried  to  the  observer's  chair^ 
so  that  he  can,  while  engaged  in  a  long  observation^  turn  the  dome 
alowly  without  removing  from  his  position. 

The  magnitude  of  the  instrument,  and  the  consequent  extensive 
motion  of  the  eye-piece,  rendered  it  necessary  to  contrive  adequate 
means  by  which  the  observer  could  be  carried  with  the  eye-piece  by 
a  common  motion  without  any  personal  derangement  which  might 
disturb  the  observation.  This  is  accomplished  by  means  of  an 
ingenious  apparatus  consisting  of  a  frame,  of  which  the  upper  edge 
is  nearly  a  circular  arc  whose  centre  is  the  centre  of  the  telescope, 
which  frame  travels  horizontally  round  a  pin  in  the  floor  exactly 
below  the  centre  of  the  telescope,  the  observer's  chair  sliding  on  the 
frame.  The  observer  can,  by  means  of  a  winch  placed  beside  his 
chair,  turn  round  the  frame  on  which  the  chair  is  supported,  and 
by  means  of  a  lever  and  ratchet  wheel  he  can  raise  and  lower  the 
chair  on  the  frame.  He  has  also  means  of  raising  and  depressing 
the  back  of  the  chair  so  as  to  give  it  the  inclination  he  may  at  the 
moment  find  most  convenient. 
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Aberration,  apherical,  1048;  longitodlnal, 
1049;  lateral,  tft.;  chromatic,  1078;  of 
light,  *i440.    BtB  Ugkt,  £90,  lsn», 

Abaorption  of  beat,  15A8. 

Achromatism,  1078, 1081.    BeeJ^U 

Action  and  reaction.  S05,  S33:  bow  no* 
dified  by  elasticity,  918. 

Adams's  researches  as  to  Neptune,  8880. 

Adherents,  effbct  of,  370. 

Adhesion,  attract  ion  of,  351 ;  of  solids,  3R5 ; 
examples  of,  366 ;  of  wheels  of  locomo* 
tives  to  rails,  367;  between  solids  and 
liquids,  37S. 

Affinity,  chemical,  353. 

Agonic  lines,  Itfbl;  American,  1608;  Asi- 
atic ik. 

Airtregation>  atBtee  of,  IS. 

Air,  momentum  of,  19*2;  resistance  of, 
alR«ia  projectiles.  3H1 ;  resistance  of,  to 
fhllini  bodies,  554 ;  mechanical  properties 
of,  701;  atmospheric,  the  type  of  all 
elastic  fluids,  ii.;  impenetrable,  708; 
has  inertia.  703 ;  compreesible.  705;  elas* 
tic.  706 ;  has  weight,  7U7;  compressibility 
and  elasticity  of,  708;  diminution  of  vo* 
lunie  of  proportional  to  compressing  fbrce, 
ik.;  weight  of,  709;  rarefied,  a  non-con- 
ductor of  electricity.  1716 ;  variations  of. 
at  sea  and  on  land,  9903;  changes  in  at- 
mospheric pressure,  8991. 

Airy.  (Professor.  Astronnroer- Royal),  ob- 
■errations  of  solar  eclipse  of  1851, 8030. 

Alloys,  liquefaction  of,  1453. 

Altitude,  9345.  and  azimuth  circle  (Trough- 
ton's),  3409;  (Greenwich).  3403. 

Almanac  (Nautical)  predicts  phenomena 

of  eclipses,  8058. 
AnipSre,  method  to  reverse  galvanic  cur- 
rent, lOlI;  apparatua  for  suoporting 
movable  currents,  1015 ;  method  of  ex- 
hibiting revolution  of  galvanic  current 
round  a  magnettl033;  electro-magnetic 
rectangle,  9008. 
Angle,  of  incidence  and  reflection.  917. 088; 
of  refraction,  098;  of  total  reflection, 
006;  relVactlnK.  1004;  visual.  11 17;  of 
polarisation,  1967 ;  measurement  of, 9893; 
complement  of,  8361.    Bee  Smnd,  Lights 


Animala.  motion  of,  governed  by  centre  of 
gravity,  888;  wool  and  fur  of,  their  uses, 
1587. 

Animalcules,  minuteness,  organization, 
and  ftinetions  of,  49. 

Annealing.  136;  uae  of,  1433. 

Anomaly,  9607. 

Anode,  8054. 

Aphelion,  8605;  disunee,  8966.  See  PZaasCs. 

Apojove.    Bee  Jovian  tftUm, 

Apogee.  8478. 

Apeides.  8478. 8607, 3803.  3807,  3906.  3810. 
3915.    Bee  Lunar  fA<ery,  Ptrturbalions, 

Aqueous  humour,  1086.    Bee  £ye. 

Arago,  electro-magnetic  researches,  1084 ; 
on  eoating  of  sun,  9547. 

Archimedes,  anecdote  of,  658;  screw, 
700. 

Area,  visible,  1183. 

Arc,  linear  and  angular  magnitude  of,  SS93  s 
complement  of,  8361. 

Armatures,  1601. 

Armstrong,  hydro-electrical  machine,  ]730« 

Ascension  (right),  8405. 

Asiatic  needle,  1695. 

Astrsa.    Bee  Planttndi, 

Astronomy,  8283.  

Astrometer,  Herscbers,  3380;  Lardner's^ 
3386. 

Athermanoos  media,  1563. 

Atmosphere,  low  temperature  of,  superior 
strata  of,  1483;  non-conductor  of  elec- 
tricity, 1717 ;  dimensions  of  earth's,  8383; 
of  sun,  8536;  phenomena  of  e<^ipee  evi- 
dence of  solar,  89.18. 

Attraction,  350;  capillary,  358;  between 
plane  surfkces,377 ;  examples  of  capillary, 
378;  magnetic,  1619;  electric,  1696. 

Atwood's  machine  for  illusuatlng  felling 
bodies,  846. 

August's  hygrometer,  8846. 

Aurora  borealis,  9SP0;  influence  of,  on 
magnetic  needle,  8998. 

Austral  fluid,  1694. 

Axis,  principal,  349.048, 1096;  secondary, 
948 ;  of  lens,  1030 ;  of  double  refraction, 
1948;  magnetic,  1699;  of  circulating 
jraivanic  current,  1936;  of  ellipee,  2460, 
9606;  of  rotation  of  earth,  9357 ;  of  moon, 
8475 ;  of  sun,  S553.    See  PtHurbatimta. 

Azimuth  8344 ;  eompasa,  1650. 
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B. 

Babbage,  electro-magnetic  reaearchea,  1984. 

Baa  ration,  galvanic  syalem,  187S. 

Baily'a  beaJa,  itO^. 

Bain'a  electro-chemical  telegraph,  3133. 

Balance*  wheela,  511  ;compen8ationof,  1373. 

Balloon -ascent  of  De  Iiuc,  4cc~  734;  de< 
scribed,  755. 

Bar,  magnetic  1639. 

Barometer,  common,  714;  water,  717; 
diagonal  and  wheel,  718;  extreme  varia< 
tiona,  7'25 ;  rules  connected  with  the,  pre- 
dicting weaiher,  799;  mean  annual  height 
of,  'mtii ;  effect  of  winds  on  coluiuu.  33^ ; 
diurnal  variations  of,  3334;  eflect  of,  on 
refi-Bctlon,  3433. 

Battery,  electric,  1766;  voltaic,  1859, 1976, 
3l3tf. 

B<«querel,  galvanic  system,  1873;  electron 
cheuiica.  researches.  3076. 

Beer.  olMervationt  and  charts  of  moon,  3480 ; 
obMrvatioua  of  Venaa,  3688 ;  diagrama  of 
Venus,  3(389;  observations  of  Mara,  3713. 

IU»II«,  I'Ipclric,  1703. 

Bt'fMC'l,  researches  un  ringa  nf  Saturn,  3814. 

Billiards,  application  of  cfunpositiun  and 
resolution  <»f  oinilon,  183. 

Bile,  in  uieial-worlcing.  369. 

Birds,  plumage  of,  its  uses,  1536. 

Blood,  composition  of,  46;  magnUuda  of 
corpiisrles,  47 ;  temperature  o/7  io  human 
ppecies,  I5!)6. 
/  Bodies  (three),  proUen  U,  3164, 3168;  (two), 
problem  of,  3167. 

Boiling  point.  1333, 1504. 

Bologua,  leaning  lower  of,  383. 

Bond,  obflervationa  on  Saturn,  3815. 

Boreal  fluid,  1634- 

Bramah'b  hydrostatic  presa,  619. 

Brewster,  Sir  David,  analyais  of  apectrum, 
1U70. 

Rriltleness,  133. 

BuildiiiRs,  metallic  1306;  warming,  1385, 
1403;  ventilation,  1385. 

Bulb,  thermouiptric.  1.^^;  liable  to  perma- 
nent chanae  of  rapacity,  ]343i. 

Buusen,  galvanic  battery,  1866. 


Calcium,  8097. 

Calliope.    See  Ptamloidt. 

Caloric,  13ia 

Calorimeter,  1409. 

Calorimetry,  1403;  method  of  solving  €«• 

lor i metric  problema,  1408. 
Camera  lueida,  1198;  obecura.  1109. 
Canutchnuc  balls,  elasticity  of,  106. 
Cappncci'a  observaiiona  and  drawings  of 

spots  on  sun,  3540. 
Caput  an,  448. 
Cardinal  points.  9343 
f.'nssegrain'B  reflecting  teleaeope,  1314. 
Caraini.  observations  on  Venua.  3687. 
Cavendish,  electric  barometer,  1833. 
Centrigrade  scale.  1335. 
Ceres.    Bee  Planeteidt, 
Chemical  effects  of  electricity,  1838. 
Chemistry,  electro-,  9051. 
Chevalier,  rouipuund  uni venal  microseope, 

1308. 
Children,  great  galvanic  plate  pile,  1891. 
Choroid,  1088^  1164.    See  £ys. 


Ciliary  proeevea.  1087.    See  £|r«. 

Circle,  division  of,  3391 ;  vertical,  334 1 ;  of 
declination,  3404;  hour,  ik.;  mural,  9407; 
galactic,  3370. 

Circuit,  voltaic,  IU04.    See  ££eelttcify. 

Cleavage,  planea  of,  64. 

Climate,  8178,  U  Mtq,  Bee  tbe  aeeere/ 
PUtnetM. 

OIK).    See  PUntUUa. 

Clock,  astronomical,  3396. 

Clothing,  its  propertiea,  1599. 

Clouds,  3951;  electrical.  3366:  inductive 
action  of  electric,  on  earth,  SS74 ;  nMgel- 
lanic,3393. 

Clusiera  and  nebula,  3370 ;  dietrilNiUon  of. 
3378 ;  constitution  of,  3379  ;  nebular  hy- 
pothesis. 3380 ;  forms,  apparent  and  real, 
of  clusters.  3381 ;  of  nebulse,  3383 ;  double 
nebula;,  3383;  planetary  nebuise,  33c*4; 
annular  nebulae.  3385 ;  spiral  nebulK,33M ; 
number  of  nebulc,  3387 ;  remarkable  ne- 
bnlc,  3388;  large  and  irregular  nebolc, 
3389 ;  rich  cluster  In  the  Cenunr,  33MI ; 

Eeat  nebulc  in  Orion,  3391;  great  ne- 
iIb  in  Argos,  3392;  magellanic  clonde, 
3303. 

Coal-pit,  ftlling  down,  2S3. 

Coercive  force,  1687. 

Cohesion,  edbct  of,  on  gravity  of  motoeuka, 
863;  attraction  of,  350;  manifested  in 
Bolids  and  liquids,  355;  example  of,  35b; 
attrmction  o^  between  atoma  of  gneca,  in- 
ferred,  363. 

Coin,  why  atamped,  net  cast,  1463. 

CoM,  greatest  natural,  1473. 

Collimation,  line  of,  8303,  840a 

Collision,  effects  of,  900 ;  of  two  bodiea  in 
same  direction,  804;  in  contrary  direc- 
tiona,  807;  of  equal  maasea  with  equal 
and  opposite  velocities,  309. 

Colours,  accidental,  1150. 

Coma,  3083. 

Combustiblea,  1311,  1586;  illuminating 
power  of,  1500;  ocmstitnents  of,  158  J ; 
qnantity  of  heat  developed  by,  1593. 

Combustion,  1311,  1560;  doee  not  destroy 
matter,  70 ;  agency  of  oxygen  in,  15h5 ; 
explained,  1587;  temperature  necoeaary 
to  produce,  1568. 

Cometa,  3000 ;  eoroetary  orbita,  ih. ;  motion 
of,  explained  by  gravitation,  30O8;  para- 
bolic orbita,  3005;  hyperbolic  orbita,  300ii ; 
move  in  conic  aections,  3000 ;  hyperbolic 
and  parabolic,  not  periodic,  301 1 ;  ellipiir, 
periodic,  3018;  many  reeoided,  few  ob- 
aerved,  3016 ;  claaai/lcation  of  orbltm  301 : ; 
elliptic,  revolving  within  orbit  of  Saiura. 
3018 :  £nck<»*S,  ih.  3091;  table  of  ele- 
menta  of  orbit,  3010;  indicationa  of  re- 
siaijng  roedinm,  3090;  woaM  ultimately 
fall  into  sun,  3033;  Biela'a.  3035;  rcM- 
Itttion  of  Biela'a  into  two,  3087 ;  Fayels, 
3030;  De  Vico*S,  3031;  Bronen*a,  3033; 
D*  Arreafa,  3033 ;  elliptic,  ori743. 3034 ;  of 
1766,  3035;  LexelPa,  3036;  analysis  of 
Laplace  applied  to  Lexetl'a.3Q37 ;  revision 
of  these  researches  by  Le  Verrier,  30S9 ; 
procem  by  which  tdentiflcation  of  periodic, 
may  be  decaded,3040 ;  pmbeMe  identity  nf 
De  Vieo's.  with  that  of  1698, 3019 ;  Blain 
pain's,  ot  1819,  3043;  Pone's,  of  18ID, 
3044 :  Pigott's,  of  1783, 3045 :  Peier*a,  of 
1846. 3046 ;  Ubolar synopsis^ iwolving 
within  Saturn's  orbit,3047 ;  planetary  cha> 
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meter  of  orbitt,3040 ;  etlipticwbose  mean 
di«tanees  are  nearly  equal  to  thai  of  Ura- 
nua,  3051 ;  of  lonff  perioda,  flrat  recoKnited 
as  periodic,  ib. ;  Halley'a  reaearchM,  3053 ; 
Halley'B,  ib.  3093;  path  and  time  of 
perihelion  of  Hal  ley's  calculated  by  Clai 
rautand  Laiaade.  3056;  disturbing  action 
of  a  planet  on  a,  explainedp  3050 ;  effect  of 
the  perturbing  action  of  Jupiter  and  Sa- 
turn on  Mallev'B,  between  1U83  and  1758, 
30e0;  cakulaiions  of  its  return,  3061 ;  ta- 
bular synopsis  of  motion  of  Hailey's.3063 ; 
Pons*8.  of  IS}%  3064;  Olbers's,  of  18 15, 
3065;  De  yico*s,of  1846,  3006  ;  Brorsen's, 
or  1847,  3067;  Westpbars,  of  1659,  3068; 
tabular  synopsis  of  motions  of  these  six. 
3060 ;  elliptic,  whose  mean  distances  ex- 
eeed  limits  of  solar  system,  3072;  twenty- 
one  elliptic,  of  great  eccentricity  and  long 
period,  ib. ;  hyperbolic,  3074 ;  parabolic, 
3075;  distribution  of  cometanr  orbits  in 
apace.  3076 ;  relative  number  of  direct  and 
retmgrade.  3077;  inclination  of  orbits, 
3078;  directiona  of  nodes  and  perihelia, 
3079;  distribution  of  the  points  of  peri- 
helion, 3060;  physical  constitution  of, 
3081 ;  apparent  form,  head  and  tail,  ib.; 
nucleus,  3083;  coma.  3083;  mass,  volume 
and  density,  3088;  light,  3089;  Btruve's 
drawings  of  Halley*s,  3093;  its  appeur- 
ances  on  various  days,  3094,  $t  s«f  ;  Sir  J. 
Heracliers  deductions  from  these  pheno- 
mena. 3103;  observations  and  drawings 
of  MM.  Maelear  and  Smith,  3105;  number 
of.  3116;  duration  of  the  appearance  of, 
3117;  near  approach  to  the  earth,  31 1& 

GompaiM,  azimuth,  1650;  luariner's,  1651. 

Compensators,  1366. 

Complement.  3361. 

Component,  and  resultant,  eorrelative,  150, 
and  resultant  interchangeable.  153:  or- 
thogonal, 3130;  radial  and  tran«versal, 
3138;  tangential  and  normal.  3139;  posi- 
tive and  negative,  3131$;  effects  of  the 
radial  of  the  disturbing  force.  3138;  efl^cu 
of  the  transversal  of  the  disturbing  force, 
3153 ;  eiKfCts  of  the  orthogonal  component 
of  the  disturbing  fbroe.  3156. 

(imposition,  of  Ibrces.  144;  of  forres  ap- 
plied to  different  points,  156 ;  of  motion, 
165 ;  examples  of,  174. 

Compression,diminishes  bulk.  80 ;  augments 
density,  ib. ;  of  wood,  99 ;  of  stone,  93 ;  of 
metals,  94 ;  of  liquids.95 ;  of  water  proved, 
06;  of  gases,  97;  of  vapour,  1499. 

Compressibility,  89 ;  all  bodies  compressible, 
90. 

Condensation,  1300, 14P5;  of  vaponr,  1514. 

Condenser,  electrle,  1745;  prinripte  of, 
1746;  forms  of  Cuthbertson's,  1751. 

Conduction,  1313, 1519 ;  electric,  1710.  Bee 
Eltetrieity, 

Conductibillty,  1313. 

Conductors,  good  and  bad,  1519;  electrie. 
1711 ;  connecting  galvanic  elements,  1887. 

Congelation,  1308,  1441 ;  latent  heat  ren- 
dered sensible  by.  1437;  points  of,  1456; 
of  alcohol,  1471. 

Conic  sections,  9611. 

Conjunction,  3573;  superior  and  inferior, 
2576. 

Contraction,  1307, 1366 ;  general  effects  of, 
113;  of  solids,  1363;  of  mercury  in  cool- 
ing, 1464. 

m. 


Copernican  system,  8445. 

Cordage,  strength  of.  596. 

Cornea,  1085.    See  JEJys. 

Corpuscles  of  blood,  47. 

Coulomb's  electroscope.  1756. 

Couple,  defined,  160 ;  mechanical  effect  of, 
161 ;  equilibrium,  163. 

Couronne  dee  tasses,  1^83. 

Crank  described,  515. 

Crosse's  elcctro-cbemical  researches,  8076. 

Cruikshank's  galvanic  arrangement,  188X 

Crystals,  uniaxial,  1255;  biaxial,  1357. 

Crystallization,  indicates  existence  of  uiti 
mate  molecules,  60 ;  process  of,  61. 

Crystallized  state,  some  bodies  exist  nata* 
rally  in,  63. 

Crystalline  humour,  1087.    See  Eui, 

Currents,  atmospheric,  cause  of,  1389 ;  vol- 
taic. 1901.  See  Elutrieily,  Rectilinear, 
1907;  indeflniie.  ib.;  closed,  ib.;  circular 
or  spiral,  ib  /  circulating,  1907 ;  spiral  and 
heliacal.  1940;  thermo-electric,  i;037. 

Cuthbertson's  electric  condenser,  1751. 

D. 

Dance,  electric,  1795. 

Daniel's  constant  battery,  1805, 1895 ;  hy- 
grometer, 3345. 

Davy,  galvanic  pile,  1889;  experiments  in 
electro-chemistry,  3083;  method  of  pre- 
servi  ng  copper  sheathing,  31U1.  See  KUe- 
trieity. 

Dawes's  observations  on  Saturn's  ring. 
3813 :  of  solar  eclipse  of  1851,  3936. 

Day,  civil,  9453. 

Declination.  1655, 3453;  in  diflbrent  longi- 
tudes,  663;  observed  at  Paris.  1667. 

Defla^rator.  galvanic,  1893.  3135. 

Delarive's  floating  electro-magnetic  appa- 
ratus, 1957. 

Deluc's  galvanic  pile,  1897. 

Density.  74 ;  determined  by  proportion  of 
mass  to  pores,76 ;  and  porosity  co-relative 
terms,  77;  examples  of.  81 ;  effect  of  re- 
lation of  different  strata  of  same  liquid, 

'  l.?98;  relation  of  specific  heat  to.  1417; 
of  earth,  337-J;  of  moon,  3481;  of  sun, 
t'533;  to  determine.  3f)46.  See  Sax,  JMwm, 
Planett,  the  tiveral  Plangtt,  PtantUnda, 
Comet$. 

Dew.  principles  of,  1577,  3348;  poipt,  3840, 
3244. 

Diameter  of  moon,  3468;  to  determine  real, 
3(5:^^.  See  Sun,  the  tevtrat  PlanetM,  JUoon. 

Diathcrmanous  media,  1315, 15U6. 

Dilatability.  99. 

Dilatation,  1307;  by  temperature.  110;  of 
liquids  in  thermometers,  111;  useful  ap- 
plication of,  to  metal.  113:  general  effecta 
of,  113;  of  mercury,  rate  of,  i:i38;  of 
solids,  1355;  of  gases,  1374;  of  gases 
diflbrs  with  change  of  pressure  and  tem- 
perature, 1381;  of  liquids,  1391;  rates  of, 
of  liquids.  1393. 

Dip,  tines  of  eoual,  1658;  local,  1664;  ob- 
served at  Paris,  1667. 

Dipping-needle,  1653. 

Direction  of  force,  146;  of  motion  in  curve, 
166;  resultant  of  two  motions  in' same, 
171;  in  opposite,  173;  in  different,  173; 
vertical,  338. 

Dischargingrod,  1748. 

Disunce,  of  sun,  3456;  moon,  3486 ;  meaa 
64 
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of  pUntt,  9605;  aztreoM  ano  meAO  of 

CaneU  lh>ai  min  and  eartb,  2985 ;  peri> 
ilion  and  aphelion,  SUd6;  distance  of 
fixed  Stan,  3294.  See  Moon,  the  tnorul 
Planott. 

DittiliattoD,  destructive,  73. 

•Distributor,  eleciro-magnetiCi  1973. 

Divincbeil,  7ti9. 

Divisibility,  S8 ;  unlimited,  50 ;  of  water,  89 ; 
of  other  bodies,  31 ;  examples  of,  32;  mi- 
nute, proved  by  colour,  51 ;  of  musk,  52; 
shown  by  taste,  54. 

Ductility,  J 39;  differs  fh)m  malleabiUty,139. 

Dunkin,  observations  of  solar  eclipse  of 
]851,  2931. 

Dutch  tears,  1488. 


Earth,  proof  of  diurnal  rotation  of,  by  com> 
position  and  resolution  of  motion,  184; 
great  reservoir  of  moiiicntuiii,  725;  at- 
tracts all  bodies,  3ni ;  and  planets  onca 
fluid,  359;  temperature  of  clobe  nf,  1540  ; 
analogy  of,  to  magnet,  11540,  1G57 ;  direc- 
tion of  magnetic  attraction  of,  1985; 
magnetism,  203ti. 

— — ,  2311;  rotundity,  form,  and  dimen- 
sions, ib.  3372;  length  of  a  second  of, 
2319 ;  diameter,  2331 ;  superficial  inequa- 
lities, 3332;  dimensions  of  atmosphere, 
23^23 ;  motion.  2.124,  3427 ;  rotation,  2348 ; 
Foucault's  demonstration  of  rotation, 
9353 ;  axis,  2357 ;  equator,  poles,  and  meri- 
dians, 2358 :  hemispheres,  ib. :  mass  and 
density,  2372,  2391;  figure,  2373;  ellip- 
ticiiy  of,2381 ;  variation  of  gravity,3386; 
linear  diinensioos,  2389;  volume  and 
weight,  2394 ;  annual  motion,  2427,  2438; 
the  diurnal  and  annual  phenomena  ex- 
plained by  the  two  motions  of,  2450 ;  orbit, 
2459;  perihelion  and  aphelion,  2462;  va- 
riations of  temperature,  2463;  dof-daya^ 
8464 ;  as  seen  from  moon,  2487. 

Ebullilioii.  1504. 

Echoes  explained,  879. 

Eclipse,  2l>02. 

— —  (Jovian  system),  3950;  of  the  satel- 
lites, 2952;  occuftations  of  satellites  by 
planet,  3954;  transits  of  satelliies  over 
planet,  2955;  motion  of  litht  discovered, 
and  its  vcUwity  measured,  by  means  of 
these  eclipses,  2959. 

(lunar),  2940;  cause,  ib.;  condi- 
tions of,  2942;  lunar  ecliptic  limits,  2943; 
total,  2944 ;  relative  numbf^r  of  solar  and 
lunar,  294b;  effects  of  earth's  penumbra, 
2947 ;  efftfcts  of  refraction  of  earth's  at- 
mosphere, 2948. 

(sular),  2909:  annular,  3913;  effects 

of  parallax,  3915;  shadow  produce!  by 
opaque  globe,  3916;  penumbra,  3918; 
solar  (>cliptic  limits.  2922,  appearances 
attending  solar,  2925;  Baily*s  beads,  2926; 
solar  eclipse  of  1851.  2929;  observationa 
of  AstronomerRoyal  of,2930;  observations 
of  MM.  Dunkin  and  Humphreys,  2931; 
of  W.  Gray,  2932;  of  MM.  Stephenson 
and  Andrews,  2933;  of  Mr.  I^assell,  2934; 
of  Mr.  Hind,  2935;  of  Mr.  Dawes,  2936; 
effects  of  total  obscuration,  3937;  evi- 
dence of  a  solar  atmosphere.  39:W ;  rela- 
tive number  of  solar  and  lunar,  SU46. 

Ecliptic,  2429. 

I!gerla.    Bee  PUntt^idt. 


Elasticity,  90. 185;  oTgaset.  100;  of  li^Mi, 
101 ;  of  solida,  103;  of  ivory  balls,  105; 
of  caoutchouc  balls,  106;  steel  sptinga, 
107;  limits  of  force,  108;  of  torsion,  109; 
efiects  of,  138;  not  proportional  to  bard- 
ness.  130;  perfect  and  imperfect,  314. 

Electrical  attractions  and  repuisiona,  lOM. 

machines,  1735.    See  JtfscAnus. 

Electric  lamps,  8146. 

light,  8143. 

Electricity,  1696 ;  attraction  and  repaWmi, 
ib.;  origin  of  name,  1697;  fluid,  IflSM; 
positive  and  negative,  1609 ;  aingle  electric 
fluid,  1700;  two  fluids.  1701 ;  viireoua  nnd 
resinous,and  positive  and  necaiive  fluids, 
1706;  developed  by  various  bodWu,  1705; 
positive  and  negative  substances,  ITOti; 
method  of  producing  by  glass  and  s«lk, 
1709;  conduction,  1710;  conducton  and 
non-conductors,  1711;  insulators,  1713; 
Insulating  stools,  1714;  induction.  172ti; 
electrical  machines,  1735;  cond#>usfr  and 
electrophoruB,  1745;  dissimulated  or 
latent,  1747;  free,  1748;  electroscopes, 
1753;  Leyden  Jar,  17C0;  charging  a  series 
of  jars  by  cascade.  1765;  electric  battery, 
1766;  laws  of  electrical  forces,  17W;  proof- 
plane,  1770;  elecuical  orrery,  1780;  me- 
chanical elleets  of,  1781;  attractions  and 
repulsions  of  eleetrifled  bodiea,  1781; 
electrical  bells,  1702;  electric  dance. 
1795;  electrical  see-saw,  1796;  Ibeimal 
effects  of,  1799;  ignition  of  metals,  1802; 
electric  pistol,  1804;  gunpowder  ex- 
ploded, 1807;  Kinnersley's  electrometer, 
1809;  luminous  eflecu  of,  1810;  electric 
spark,  1818;  imitation  of  auroral  light, 
1818;  Leichtenberg's  figures,  1820;  ex- 
perimenu  indicating  diflbrence  between 
the  two  fluids,  1881 ;  Cavendish's  electric 
barometer,  1823;  thermal  hypotbe»is, 
1825;  physiological  cfltets  of,  1838; 
chemical  and  magnetic  efiects  of,  1838 ; 
voltaic.  1843;  discovery  of  galvanism, 
ib. ;  contact  hypothesis  of  Volta.  1845 , 
electro-moiive  force,  1846;  dassiflcation 
of  bodies  as  to  electro-motive  power.  1847; 
electro-motive  action  of  gases  and  liquids, 
1850;  polar  arrangement  of  fluids  in 
elqctro-motive  combinations,  1853;  posi- 
tive and  negative  poles.  1853;  Volu'a 
first  combination,  1859 ;  Wollaston'sooai. 
bination,  I860;  Hare's  spiral  arranre> 
ment.  1861 ;  cylindrical  combination  with 
one  fluid,  1863;  with  two  fiuidsi,  1864; 
Grove's  battery,  1865;  Bunsen's  battery. 
1866;  Daniel's  consUnt  battery,  1867; 
Pouillet's  modification,  1868;  Smee's 
battery,  1870:  Wheatstone's  system, 
I87I;    Bagration's    system.   1872;    Bee- 

Suerel's  system,  1873;  Schonbein's  mo- 
ification  of  Bunsen's  battery,  1874; 
Grove's  gas  electro-motive  apparatus, 
1875;  Volta's  invention  of  tlie  pile,  ]K7b; 
couronne  des  tasses,  1882;  Cniikshank's 
arrangement,  1883:  Wollaston's  arrange- 
ment, 1884;  heliacal  pile  of  Faculty  nf 
Sciences  at  Paris;  1885;  conductors  con- 
necting the  elements,  1887;  memorable 
piles,  18H9;  Davy's  pile,  ib.;  Napoleon's 
pile,  1890;  Children's  g rest  plate  haltrrr, 
1891;  Hare's  deflagrator.1892;  Strati ngh's 
deflagrator,  1893;  Peppy 's  pile,  Ic^; 
baiteries  on  Daniel  and  Grove's  principle. 
1895;  dry  piles,  1696;  Delucspile,  1897; 
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Zambonrt  pile,  ISOS;  piles  of  m  single 
metal,  1899;  Bitter's  Mcondsry  piles, 
1900;  voilatc  currents,  1901 ;  directioo  of 
current,  1902;  poles  of  pile,  1903;  voltaic 
circuit,  1904;  method  of  coating  cod- 
ducting  wires,  1909;  supports  of  wires, 
1910;  Ampere's  metliod  to  reverse  current, 
1911;  Pohl'e  rheotrope,  1913;  electrodes, 
1913;  Ampdre*s  apparatus  for  supporting 
movable  currents,  1915;  reciprocal  in- 
fluence  of  rectilinear  currents  and  mag- 
net*, 1916;  electro  magnetism,  1917; 
effect  of  sliock  on  bodies  recently  deprived 
of  life.  SlS0;on  a  leech,  ik.;  exciution 
of  nerves  of  taste,  S15I;  of  nerves  of 
sight,  315S;  of  nerves  of  bearing,  SIS3; 
Bopposed  sources  of  electricity  in  animal 
organisation,  9154 ;  electrical  fishes,  2155 ; 
properties  of  the  torpedo,  9156;  the 
electric  organ,  9150;  atmospheric,  9SS0 ; 
observation*  of  Ouetelet,  290%;  Romas*s 
experiments,  S966;  inductive  action  of 
electric  clouds  on  earth,  2974 ,  fulgurites, 
9275. 

Electricity,  tbermo.,  S036 ;  thermo-electric 
current,  9037;  Pouillet**  thermo-electric 
apparatus.  2042;  conducting  powers  of 
metale,  2044 ;  th«!rmo-electric  piles,  9049 ; 
electro-chemistry,  9051:  electrolytes  and 
electrolysis,  9052;  Faraday's  electro- 
chemical nomenclature.  9054;  positive 
and  negative  electrode,  9055 ;  electrolyeis 
of  water,  -JOSS;  Mitscherlich's  apparatus, 
9060;  compounds  susceptible  or  electro- 
lysis. 9068;  electro  nnnative  bodies.  9070 ; 
electropositive  bodies,  2071 ;  researches 
of  Becquerel  and  Crosse,  2076 ;  Faraday's 
voltameter.  2079;  Faraday's  law,  2060; 
Bir  H.Davy's  flxperiments.2083;  Faraday's 
doctrine,  2087;  Pouillet's  observations, 
8089;  Davy's  experiments  confirmed  by 
Becquerel,  2090;  liquid  electrodes,  2094 ; 
electrolysis  of  the  alkalis  and  earth's, 
9096;  the  series  of  new  metals,  2097; 
8ch5nbein*s  experiments  on  the  passivity 
of  iron.  2098 ;  tree  of  Saturn,  2100 ;  Davy's 
method  of  preserving  copper  sheathing, 
S101;  calorillc,  luminous,  and  physio- 
logical effects  of  voltaic  current,  21.14; 
Hare  and  Children's  deflagrators,  21.15; 
Wollaston's  thimble  battery.  9136: 
Jacobi's  experiments  on  conduction  hy 
water,  9140;  combustion  of  the  metals, 
9141 ;  electric  light,  2143;  electric  lamps, 
9146. 

Electro-chemistry,  2051. 

Electrodes,  1913,  9055. 

Electrolysis,  2052;  compounds  susceptible 
of,  2068. 

Electrolytes,  9059. 

Electrolytic  classification  of  the  simple 
bodies,  9069. 

Electro-magnets,  1960. 

Electro- magnetism,  1U17;  apparatus  to  ex- 
hibit direction  of  force  impressed  by  a 
rectilinear  current  on  a  masnetic  pole. 
1922;  apparatus  to  measure  intensity  or 
such  force,  1923;  apparatus  to  illustrate 
electro-maitnetic  rotation, 1930:  Ampere's 
method,  1933;  reciprocal  influence  of 
circulating  curri^nis  and  magnets,  1935; 
circulating  current,  ib.;  axis  of  current, 
1930;  spiral  and  heliacal  currents,  1940: 
Ampdre  and  Delarive's  apparatus,  1957 ; 
Instable  equilibrium  of  current.  1947; 
right-haoded   and    left-handed    helices, 


1959:  electro  magnetic  indnctton,  1950; 
Bavary*s  experiments,  1065;  elecUo 
magnets,  1969;  electro-magnetie  power 
employed  as  a  mechanical  agent,  1971 
electro-motive  power  employed  by  M. 
Froment,  1979;  electro-motive  machines 
constructed  by  him,  1973;  distributor, 
ib.;  regulator,  ib.;  use  of  a  contact 
breaker,  1960;  magneto-electrie  ma- 
chines, 1981 ;  effecu  of  momentary  in- 
ductive currents  produced  upon  revolving 
metallic  disks,  1984;  researches  of  A rago, 
Herschel.  Babbage,  and  Faraday,  1984; 
influence  of  terrestrial  magnetism  on  vol- 
taic currents,  1965 ;  direction  of  sartb*6 
magnetic  attraction,  iA.;  Pouillet's  ap- 
paratus to  exhibit  eroets  of  earth's  mag- 
netism,  1904 ;  Amptee'S  ractangle,  9003 ; 
reciprocal  infloenee  of  voluie  currents, 
9004 ;  voltaic  theory  of  magnetism,  9095 ; 
rheoaeopes  and  riieomsters,  9030;  difflbran- 
llal  rheometar,  9034. 

Electro-magnetic  induction,  1099. 

Electro-metallurgy,  2110;  production  of 
metallic  moulds,  9191 ;  production  of  ob- 
jects in  solid  metal,  9199;  reproduction 
of  stereotype  and  engraved  platea,  9193; 
metallising  textile  fabrics.  9194;  glypho- 
graphy,  2125;  reproduction  of  daguerreo- 
type, 2126. 

Electro-motive  force,  1840. 

Electro-negative  bodies,  2070. 

Electro-posilive  bodies,  2071. 

ElectrophoruB,    1745. 1759. 

Electroscopes,  1753;  pith-ball,  1754;  needle, 
1755;  Coulomb's,  1756;  quadrant,  1757; 
gold  leaf,  17.58;  condensing,  1759. 

Electro-telegraphy.  9127:  conducting  wires, 
2128;  earth  best  conductor,  9198;  tele- 

fraphic  signs,  9190;  Morse's  system, 
132;  electro-chemical  telegraphy,  9133; 
Bain's  telegraph,  ib. 

Element-positive.  9056;  negative,  U.;  va. 
riable,  3125. 

Elli|Me,  method  of  describing,  9460 ;  foci, 
axis,  and  eccentricity,  ib. ;  mi^or  and 
minor  axes,  2616;  instantaneous,  31ii5; 
paralaclic  3296. 

Elongation,  2571. 

Endosmose,  286. 

Engine  (fire-).  759, 

Equator,  magnetic.  1614.  1658. 

.  thermal,  2179;  celestial,  9346,  9363; 

terrestrial,  2358. 

Equatorial,  2336. 

Equation,  annual,  3193;  of  the  centre,  3190; 
of  the  equinoxes,  3286. 

Equilibrium,  of  couples,  162;  stable,  un- 
stable, and  neutral,  998;  examples  of, 
309;  power  and  weight  in,  rest  not  ne- 
cessarily implied,  400;  infers  either  ab- 
solute rest  or  unifbrm  motion,  401 ;  stable, 
of  floating  body,  679;  unstable,  673; 
neutral.  674. 

Equinox,  vernni  and  autumnal,  9431 ;  pre- 
cession of  the,  3275 :  equation  of.  3286. 

Erard'B  piano,  example  of  complex  leverage 
in,  440. 

Eunomia.    See  PianttoitU. 

Evaporation,  J4K.'5;  mechanical  fbrce  de- 
veloped in,  1494;  lieat  absorbed  in,  1511. 

Eye.  1082. 

Eccentricity,  Bee  Lunar  TVsry,  Ptrlnr* 
tetfen«,  Orbitj  PImutU. 

Exosmose,  286. 

Expansibility  of  gases,  109. 
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Faeules,  toiari  8545. 

Falling  body,  velocity  of,  augmeiiu  witb 
tiineof  fkll,  241. 

Faraday,  electro*uiaffnetic  reaearehea,  1984 ; 
elect ro^tiemicai  nomenclature,  9054;  vol- 
tameter, SO70 ;  elocirO'Clieinicai  law,  iOt&i, 
8t*e  EUetricitf. 

Fata  Morfana,  1000. 

Filamenti,  organiaed,  minuteaeai  of,  40. 

Filiration,  85. 

Fire<eaieri,  frau  of,  explained,  1611. 

Fire-eacapea,  example  of  pulley,  408. 

Fire  plaeea,  1386. 

Firmawenu  S3*19;  form  and  motionaof,  ih. ; 
aapeet  of,  U.;  rotation  of,  93S3,  ^{337; 
form  and  dimeniiona  of  raaaa  of  iPUra 
which  compoae  viaible,  3308;  galaaic 
circle  and  polea,  X)70;  iralactic  latitude, 
ik.;  milky  way,  3373;  probable  fimn  of 
Btrainm  of  atari  in  which  tte  aun  ia 
placed,  3375. 

Fiahea,  motiona  of,  in  liquida.  178;  iridea- 
oenee  of  acaiea  explained,  1S3U;  electhc, 
3155. 

Flame,  1584. 

Flexibility,  133. 

Flora.    See  PUnttoidt. 

Florentine  experiment,  84. 

Fluid,  reslatance  of,  015;  magnetic,  1694; 
electric,  1098;  poaitive,  17U1;  negative, 
ib. ;  vitreous,  ib. ;  reainnua,  ib. ;  ezperi- 
menu  indicating  apeciflc  diflferenee  be- 
tween two  electric,  18*21. 

Fluxea,  1474;  principle  of,  ib.;  appUcaliou, 

Fly  wheel,  516;  regulating  eflbct  of,  ib.; 

poaiilon  of,  599. 
Focaa,  of  ellipae,  2460;  empty,  2006. 
Fogs,  2i51. 

Force,  disturbing,  3110,  §lttq. 
Forces,  electrical,  lawa  of,  1709. 
Fortune.    See  Planetoid*. 
Fou<*ault'8  demontiraiioB  of  routioo  or 

earth,  2353. 
Freest  ng  mixturea,  1467;  apparatua,  1408. 
French  metrical  system,  1397. 
Friction,  555. 

Froment*B  electro-magnetic  machinea,  197S. 
Fmst  (hoar),  2*249;  principlea  of,  1577. 
Fulgurites,  2275. 
Fur,  minutetiess  of  filaments  of,  affonla  an 

exauiple  of  divisibility  of  matter,  40. 
Fiisoe  (in  wnicli-wnrk},  513. 
Fusion,  1308:  latent  iieat,  1447;  points  of, 

14-IH;    subPiances  wiitch    solXen  bcfure, 

14ti5;  infusible  bodies,  1475. 

O. 

Oalileo.  anecdote  of.  710. 

Galilean  telescope,  1217. 

Galvanism,  1844. 

Gaivannmet**r,  90.19L 

Gases,  compressibility  of.  97;  elasticity  of. 
!00;  expansibility  of.  102;  may  lie  re* 
duccd  to  liquid  and  solid  Biate.301 ;  dilata- 
tion of.  1374 ,  liquefacdon  of.  1425 ;  perma- 
nont.  1500:  solidification  of,  1501;  under 
extreme  pressures,  1503;  nun-conductors 
of  heat,  l5'->2. 

Glass,  minuteness  of  fllamenls  of,  30;  al- 
tracts  water,  but  repels  mercury,  374. 

Globe  (celestial),  33.15, 


Glnet,  eflbct  of.  370. 

Gold,  visible  on  touchstone,  35;  leaf;  tMn- 

nese  of,  43 :  poroua,  84. 
Governor,  510. 
Graduation,  of  tbermometera^  13S8;  of  pf- 

rometera,  1351. 
Gravity,  centre  of,  SOS,  S69 ;  rpcciflc  783; 

terrestrial.  227;  indicated  by  cenain  facts, 

230;  specific  of  liquid,  1393;  ettperllcial. 

to  determine,  Sb47.     Bee    tha    aeaera/ 

PUnM». 
Gravitation,  8613. 

Gregorian  reflecting  teleaeope,  1SI3. 
Grove's  galvanic  battery,  1865,  ISttS;  gaa 

electro-motive  apparmiua,  1875. 
Guinea  and  feather  ezperiaieBt,  S3& 


nail,  3256;  hailstones,  9S57. 

H alley's  researches  as  to  coaiet%  3053; 
comet,  ib.  •(  scf. 

Hardness.  125. 

Hare's  deflagrator,  1893;  spiral  galvaaic  ar- 
rangement, 181)1. 

Harmonic  iaw,  26S0. 

Harmonica,  851. 

Harrison's  pendulum,  1370. 

Hearing,  organs  of,  explained,  895. 

Hearing-trumpet,  886. 

Heat,  1304, 1318;  sensible,  1305;  insensible, 
1306;  latent,  1430;  heating  liquid,  1399; 
doea  not  deacend  in  liquid,  1400;  propaca- 
lion  of,  through  liquid  by  correnta,  1401 ; 
quantitative  analysis  of,  1403;  specific, 
1400;  uniform  and  variable,  1407;  de- 
velopment and  absorption  of,  by  chemical 
combination,  1420;  specific  of  simple 
gases  equal  under  aame  pressure,  1427; 
relation  between  specific  and  atomic 
weight,  1439;  rendered  latent  in  lique- 
faction. 1434;  latent,  rendered  sensible  by 
congelation,  1437;  latent,  of  Hision,  1477; 
absorbed  in  evaporation  atdifllerent  tem- 
peratures, 1511 ;  radiation  of,  1543 ;  reflec- 
tion of,  1553;  absorution  of.  1558;  trana- 
mission  of,  1563;  decomposition  of,  by 
absorption,  1567;  refraction  of,  1570; 
polarisation  of,  ib.;  quaniiiy  of,  deve- 
loped by  combustibles,  1593;  animal,  1595; 
experiments  to  ascertain  rate  of  develop, 
ment  of  animal,  1604;  total  quantity  of 
animal,  explained  by  chemical  lawa,  1605 ; 
sensation  of,  1600;  touch,  fallacious  mea- 
aure  of,  1610;  terrestrial,  21G0;  thermal 
phenomena  below  surface,  2189;  between 
surface  and  stratum  of  invariable  tern- 
peratuie,  2194 ;  below  stratum  of  unifbm 
teuiperature.*2I95 ;  temperature  of  springs, 
21% ;  thermal  condition  of  aeas  sod  lakes, 
SI97;  process  of  thawing,  2199;  depth 
of  stratum  of  constant  temperature  in 
oceans  and  seas.  2200;  inierrhange  of 
equatorial  and  polar  waters,  2204;  polar 
ice,  2905;  Iceber^is,  9-207:  solar  and  celes- 
tial, 2213;  quantity  emilted  hy  sun,  2214; 
solar,  at  the  earth,' 82 15;  at  sun's  surfan*. 
2317;  received  by  earth  from  celestial 
space,  2219;  summary  of  thermal  efi^ta, 
S220 :  solar.  3554,  2666.  Bee  PtencU,  the 
sevrro/  Plontts. 

Ilobe.    See  Plamftoidt. 

Heiifliis.  fiillen  through,  analysis  of,  S44; 
fallen  from  proportional  to  squares  of  tell, 
847;  of  (hll,  Ibrroute  exprcssingi  9le; 
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ftom  wbich  body  fhllt  in  a  weond,  949; 
why  fall  from  great,  not  ao  destruciivo, 
25'i. 

Heliacal,  ralTanie  pile  of  Paris,  1885. 

Heiicis.    Bee  EltctricUjf. 

Heiioineter  (Oxford),  3397. 

Neniicpbere  ^t- lestial),  S330. 

Henderson  (ProfeseorJ^diecoTery  of  paral- 
lax of  a  CentMuri,  3303. 

Herscliel,  Bir  John,  electro-magnetic  re- 
■earehee.  1984;  obeervalione  of  moon, 
8491 ,  observations  and  drawings  of  clus- 
ters and  nebula,  3386;  observations  and 
drawings  of  spoM  on  sun,  8543 ;  hypo- 
thesis to  explain  solar  spots,  8553;  tele- 
scopic drawings  of  Jupiter,  8754;  deduc- 
tions from  phenomena  of  Haliey*s  comet, 
3103;  astrometer,  3330. 

— ,  Sir  William,  observations  of  Venus. 
8667 ;  of  Saturn,  8810 ;  observations  of 
double  stars  to  discover  stellar  parallax, 
3355;  telescope.  3395. 

Bind,  observations  of  solar  eclipse  of  I8SI, 
8935. 

Bodgkinson's  experiments  on  atrength  of 
timber,  600. 

Horiion.8331. 

Humboldt,  researches  as  to  snow-line,  8188. 

Humphrey's  observationa  of  solar  eclipse 
of  1651.8931. 

Hurricanes,  3SS8. 

Hunter's  screw,  501. 

Hydraulic  press,  Britannia  bridge,  casting 
of,  1538. 

Hydrostatic  balance,  771. 

Hydrometer,  778. 

Hygeia.    Bee  PlanHoids. 

Hygrometer.  OaniePs,  3245;  August's,  3246 ; 
Baussuri's,  3347. 

Hygrometry.  3839;  dew  point,  8840  3344. 

I. 

Ice,  method  of  preserving,  1533:  production 
of  artifldal.  14t)B.  1579. 

,  polar,  3*205;  extent  and  character  of 

ice-fields.  3306;  fabrication  of,  8350. 

Icebergs,  3307. 

Impact  of  elastic  body,  816. 

Impenetrabiliiy,  23. 

Inactivity,  114. 

Incandescence,  1310. 

Incidence,  angle  of,  317. 

Inclination,  moon's,  3880.  See  Lunar 
tluofTt,  Orbit,  Ptrlurbation, 

Induction.  1638;  magnetic,  1630;  flectric. 
1738;  effects  of  electro-magnetic,  1959. 

Inequalities,  3184  ;  lunar.  See  Lunar  tk$orf. 
General  summary  of  lunar,  3386;  long:, 
3355;  secular,  3304.    See  PerturbaUoug. 

Inertia,  114:  defined,  115;  astronomy  sup- 
plies prooft  of  law  of.  119;  examples  of, 
180;  supplies  means  of  accumulating  force, 
534. 

Inflection,  1830. 

Influence  of  terrestrial  magnetism  on  vol- 
taic currents,  1985. 

Infijsible  bodies.  1475. 

Inlaying,  metallic.  13G8. 

Ins««^s*  wiiigs,  thinness  of.  48. 

Insttl^Ying  itonls,  1714,  1741. 

lusulators.  1713. 

Instruments  fremarkahle  asfmnnmical), 
3304.  Sir  William  Uerachers  forty  feet  re- 


flecting teleaeopc,  3385 ;  leaser  Hoaae  tele- 
scope, 3396 ;  greater  Roase  telescope,  3397 ; 
Oxford  heliometer.  3388;  Troughton'a 
transit  circle,3399 ;  Greenwich  transit  cir- 
cle, 3400;  Pultowa  prime  vertical,  3401; 
Troughton*s  altitude  and  aiimuth  circle, 
3408;  Greenwich  alt-azimuth,  3403; 
Northumberland  telescope.  3404. 

Intensity  of  force,  144. 

Interlbrence.  830, 1330, 1841. 

Irene.    See  Planturids. 

Iridescence  of  fish-scalea,  kc.  explained, 
1839. 

Isogonic  lines,  1663. 

Isothermal  lines,  8160;  Isothermal  lones, 
8170. 

Ivory  balls,  elasticity  of,  105;  rebound  o^ 
815. 


J. 

Jacobi's  experiments  on  electric  conduetion 
by  water,  8140. 

Jovian  system,  elements  of,  8999 ;  theory  of, 
3238;  analogy  to  terrestrial  system,  ib.; 
mutual  perturbation  of  satellites,3830;  re- 
trogression of  lines  of  conjunction  of  first 
three  satellites,  3831 ;  effeeu  of  their  mu- 
tual perturbations  upon  their  orbits,3S36; 
motion  of  apsides,  3S37;  positions  of  peri- 
Joves  and  apjoves  of  the  three  orbits^ 
3830;  value  of  eccentricity,  3840;  eflecta 
of  the  eccentricity  of  the  undisturbed 
orbit  of  the  third  satellite,  3848;  pertur- 
bations of  the  fourth  satellite,  3343 ;  com- 
plicated perturbations  of  this  syatem, 
3844.    Bee  Perturbation: 

Juno.    Bee  Planttoidt. 

Jupiter.  8789;  Jtfvian  system,  ih:  period, 
8730;  heliocentric  and  synodic  motions. 
8731 ;  distance,  87.')3 ;  orbit,  8733;  annual 
parallax,  8734;  distances  from  earth, 
8735;  orbital  velocity,  8736;  intervals  be- 
tween opposition,  conjunction,  and  quad- 
rature, 8737;  no  sensible  phases,  S738; 
appearance  in  firmament  at  ni«ht,  3739; 
stations  and  reirogres8ion.8740 :  apparent 
and  real  diameters,  3741 ;  relative  splen- 
dour  of.  and  Mars,  3748;  surface  and  vo. 
lume,  2743;  solar  light  and  beat,  8744  ; 
rotation  and  direction  of  axis,  8745;  Jo- 
vian years,  8746:  seasons,  3747 ;  telescopic 
appearance,  8748;  belts,  8750;  telescopic 
drawings  of,S754;  obseivations  of  Miidkr, 
8755;  spheroidal  form,  8756;  satellites, 
8757;  phases.  8758;  elongation  of  satel- 
lites, 3759;  distances  firom  Jupiter,  8760; 
harmonic  law  observed,  8761 ;  relation  be- 
tween motions  of  first  three  satellites, 
87G8;  and  their  longitudes,  8763 ;  orbits  of 
sstellites,  8764 ;  spparent  and  real  mairni- 
tudes,  8765;  parallax  of  satellites,  8767 ; 
apparent  magnitude  of,as  seen  fVom  satel- 
lites, 87(j8;  satellites  visible  firom  cir- 
cunipolar  region,  8769 ;  rotation  on  their 
axes,  3770 ;  mass,  8771 ;  mutual  perturba- 
tiona,  8773;  density,  3773;  masses  and 
densities  of  satellites,  8774 ;  superficial 
gravity,  3775;  centrifugal  force  at  equator, 
8776;  variation  of  raperficial  gravity  from 
equator  to  pole,  8777;  long  inequality  of 
3356.  See  Jnian  sfsfsm,  Planwit,  Ptr 
turbmtinu, 
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Kal«idoMope,  9SS. 
Kathion,  9054. 
Kuitaurfe,tiU54. 
Keepem,  1«01. 
K(>pier'i  laws.  2623. 
KiiiiierBl«x*ftelacuoiiict«r,  1800. 
Kite-flying,  188. 

Knee-Joint,  um  of,  •bown  by  tht 
woodeu  legSi  SSW. 


<iftcl  of 


Lakw,  thermal  mndilion  of,  8J97. 

Lmiiid,  argand,  1388 ;  electric,  2146. 

I^iMl-epouta.  2230. 

Laplace,  calorimeter,  1409;  theorems  of  re- 
laliona  between  eccentriciiiea  and  incli- 
nations of  planetary  orbits,  3270. 

Lardiier,  opthalmometer,  11U5;  correction 
of  prevailing  errors  as  to  uranography 
of  Saturn,  3845;  astrometer,  3326. 

Lassell.obaervationson  Saturn's  rinfrB,S8l3. 

Latitude,  terrestrial,  2250;  parallel  of,  237) ; 
aeleatial,  2437  ; libration  iii,2476 ; galactic, 
3370. 

Lavoieier'a  calorimeter,  1409. 

La  we  of  motion,  Newton's,  819. 

Law,  barmonic,  9680. 

Lens,  1027. 

Le  Verrier,  researches  as  to  Neptane,  2886. 

Lever,  425. 

Leyden  Jar,  1760:  hnproved  fbnn  of,  1764. 

Libration,  in  latitude,  8476;  ia  longitude, 
9477;  diurnal,  9478. 

Light,  solar,  thernwl  analysis  of,  1544 ;  phy- 
sical analysis  of.  1546;  electric  2143; 
motion  of,  discovered  and  its  velocity 
measured  bjr  eclipses  of  Jupiter's  satellites, 
8959.    See  the  9W«ral  Piamets.  Comets. 

Lightning.  2248 ;  conductors,  ^S7%. 

Limits,  solar  ecliptic,  2022 ;  lunar  ecliptic, 
8943. 

Lines,  of  equal  dip,  1658;  agonic,  1661 ;  bo- 
gnnic,  1(W3;  isodynamic,  1670;  Isothur- 
mal,  2160;  of  sysygy  and  quadrature. 
3188.  See  Lunar  tkiyrjf.  Of  nodes.  See 
Lunar  tktory. 

Liquefaction,  1308,  1441;  of  gases.  1425, 
J50l;  thermal  plienomena  attending, 
1431;  facility  of,  proportional  to  latent 
heat,  1450;  of  alloys,  1453. 

Liquids,  mechanical  properties  of.  615 
compression  of,  95;  contractibility  of,  98; 
elasticity  of,  101 ;  dilatation  of,  in  thermo- 
meter, 111 ;  momentum  of,  191 ;  maintain 
thpir  level,  642;  dilatation  of,  1394; 
eflT'oiB  of  temperatures  of  different  cli- 
matea  on,  15 18;  non-conductors  of  heat, 
J522;  materials  fitted  for  vessels  to  keep 
warm,  1573. 

Loadstone,  1612. 

Longitude,  terrestrial,  2359;  method  of  de- 
termining, 9368;  celestial,  8437;  libra- 
tion in,  2477;  of  p(*ribelioD,  9608.  Bee 
Spheroidal  ptrturbatiome. 

Lntiin's  description  of  aurora  borealis,89R2. 

Lubricants,  368. 

iMCiiles  (solar),  2545. 

liuminous  effects  of  el<>ctricity,  1810. 

Lunar  theory,  3185;  iin»s  of  syzygv  and 
quadrature,  3188 ;  annual  equation,  3194 ; 
aocelcmcion  of  the  niooira  mean  motion, 
3195;  effect  upon  the  P»rm  of  the  moon's 
orbit,  3196;  moon's  variation,  3 j97;  pa- 


rallactic ineqttality,  3198;  equation  oftbe 
centre.  3900;  method  of  in veMigating  the 
variations  of  elliptic  ek^menu  of  lunar 
orbit,  3201 ;  i»flects  of  the  disturb!  nc  force 
of  the  sun  on  the  otiwrelemenu  of  lunar 
orbit,  3202.  «(  seq.;  effects  of  the  disturb- 
ing force  upon  the  lunar  nod«a  and  incli- 
nation, 3222,  tt  uq. ;  general  snmmmry  of 
lunar  inequalities,  3^. 
Lutetia.    Bee  PtaneUida. 


Machine,  simple  and  complex,  419;  dhoti* 
fication  of  aimple.  480;  condition  of  equi- 
librium oT.  having  fixed  axta,  ^1; 
condition  of  equilibrium  of  flexible  cord, 
422;  of  a  weight  upon  inclined  plane,  423; 
classification  of  mechanic  powers,  424; 
power  of  lens  expressed,  441 ;  complex, 
may  be  represented  by  equivalent  com- 
pound lever,  443;  electrical,  1735;  parts 
of,  ih. ;  common  cylindrlcal,1736;  Naime's 
cylinder,  1737;  common  plate,  1738; 
Armstrong's  hydro-ehxtrical,  1739;  ap- 
pendages to.  1740. 

Machinery,  theory  of,  3^ 

Msclear  and  Smith's  drawings  of  Hmltey's 
comet,  3105. 

Miidkr,  observations  and  chart  of  jnooo, 
8489;  observations  of  Venus,  80t*8; 
diagrams  of  Venus.  8689;  observations 
of  Mars,  87 12;  telescopic  drawings  of 
Jupiter,  2754. 

Magic  lantern,  1219. 

Magnetic  effects  of  electridfy,  1838. 

Magnetism,  1612;  equator,  1614;  poles, 
ih.;  pendulum,  1617,  attarction  and  re- 
pulsion, 1620:  sxis,  1682;  boreal  and 
austral  fluids.  1624;  coercive  force.  1027; 
substances,  1629;  induction.  1630;  de- 
composition of  fluid,  1635:  efllects  of  heat 
on,  1641;  terrestrial,  lt»40;  roeridtan, 
1654;  declination  or  variation,  1655; 
variation  of  dip,  1658;  lines  of  equal  dip. 
ib.;  agonic  lines,  1661;  isogonie  lines, 
1663;  local  dip,  1664 ;  position  of  magnetic 
poles,  1U65 :  intensity  of  terrestrial.  1668 ; 
isodynamic  lines,  1670:  diurnal  variation 
of  needle,  1675:  influence  of  aurora 
borealis,  1677:  Voltaic  theory,  1842,2025. 
See  Electrieitf. 

Magnetisation,  J678;  effects  of  induction, 
ih.;  method  of  single  touch.  1684;  of 
double  touch.  1685;  magnetic  saturation, 
1687:  limit  of  magnetic  force.  K^b; 
effects  of  terrestrial  magnetism  on  bar». 
1690;  armatures  or  keepers,  1691 ;  com- 
pound magnets,  1693:  influfnce  of  heat 
on  magnetic  bars,  1695 ;  astatic  needle,  i*. 

Magneto  electric  machine,  1981.  See  Eiee- 
tricity. 

Magnets,  natural.  1612;  artificial,  1613; 
compound,  1640;  with  consequent  points. 
1648 ;  best  material,  form,  and  method  of 
producing  artificial,  1680;  electro-mag- 
neU,  1969.     See  FJtctricitf. 

Magnitude,  2;  linear,  3:  superficial,  4; 
solid.  5  ;  of  corpuscles  of  blood,  47. 

Malleability,  134  ;  varies  with  leoipsrature, 
1.15. 

Map  (star),  .1334. 

Marble,  pulvorised,  33:  fusible,  14*6. 

Mariner's  compass,  I65I. 

Mars.  2694 ;  mass  of.  2638;  position.  8094; 
period,  2695*  distance,  S696;  eccentricity, 
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9897;  liellocenlric  and  fynodic  motions. 

SSMib;  orbit,  tfttUtf;  division  of  cyuodic 

periud,   3700;   appureiil    motion,   iSTUI  ; 

•tmiioua  and  retrogrewion,  ^UQ ;  phatec, 

S7U3;  apparent  and  real  diaiiitfter,  27U4; 

vokiate,  ^05;  iusm  and  density,  S7(N); 

•uprrflcial  gravity,  2i07;  solar  light  and 

heal.  '2708:    roiaiion,  S709;  days   and 

niffhts,  3710 ;  seasona  and  climates,  3711 ; 

observations  of  Beer  and  MiUlier,  S713; 

areograptaic  character,  8713;   telescopic 

▼iewa  of,  3714 ;  areograptaic  charts  nf  the 

two  liemispheres,  ib.:  polar  snow,  1715; 

posaible  satellite,  3717. 

Mass,  of  earth,  8373 :  of  moon,  8481 ;  of  aun, 

8S33;  to  determine  maan,  3633;  of  Mercury, 

SliSU;  of  Venua,  ib.;  of  Jupiter,  3771;  of 

Saturn,  8837 ;  of  Uranus,  3883.    See  the 

9motnUPUu€tB^  Plmn^U.  PUnMcidSjOtmttt. 

Massalia.    See  FlaneUrid». 

Materials,  streiiglli  of,  587. 

BfaltinK  on  exotics,  its  use.  1.5.11. 

Melloiii,    tbeniinscopic    Mfiparntus,    15C4; 

thcriiiO'ekfCtrir  pile,  ^SU. 
Melpomene.    See  FlaHtioiaa. 
Meniscus,  10^8. 

Mercury  (metal).  uietlmdHnf  purifying,71.'S ; 
preparation  of,  for  iheriiioiiieter,  i:W.\; 
•iitriiduction  in  tube,  IH'Jii;  rale  of  di la- 
lation  of,  13.18;  qualiiies  which  render  it 
a  convenient  iherutoscoptc  fluid,  J 343 

,  (pUnet)y  3(>53;  mass  of,  3639;  period. 

8663;  heliocentric  and  synodic  motions, 
fi6&4 ;  distance,  3655 ;  orbi  t,3b58 ;  apparent 
motion.  3650;  apparent  diameter,  8661; 
real  diameter,  3wj3;  volume,  8663;  mass 
and  density.  3IU)4;  superflcial  gravity, 
9665;  nolar  light  and  heat,  8066;  rooun- 
lains,  86611 ;  corrected  astiuate  of  mass, 
3034. 
Meridian,  magnetic.  1 654, 1659 ;  true,  1654 ; 
terresiriai,  ib.  3358;  calesUal,  8343;  fixed. 
83130 .  mark.  3401. 
Metals,  compression  of.  04 ;  vibratory,  131  ; 
hardness  and  elasticiiyof.by  combination, 
133;  table  of  tenacity  of.  141 ;  weJdable, 
146(>;  ignition  of.  by  electricity,]M)3;  elec- 
tric conducting  iiower of,  3044 ;  new. 8097. 
Metallic  bars,  useful  application  of  dilata- 
tion ami  contraction  of,  113. 
Meteorologv,  8160;  diurnal  tbermoinetric 

period,  31U3;  annual,  31ti3. 
Metis.    Bee  Planetoid: 
Microscope,  simple,  1803;  compound,  1907, 

8409;  aolar,  1311. 
Microscopic  phenomena,  49. 
Micrometer.   3:)03;    parallel    wire.   3309; 

wires.  3404 ;  (position),  3305. 
Midnight.  3453. 

M ill-stones,  method  of  forming,  383. 
Mirage,  1000. 
Mirrors,  silvering,  371. 
MitKheilich's  electrochemical  apparatus, 

301)0. 
Moisture,  deposit  of,  on  windows,  1576. 
Molecules,  ultimata,  may  be  inferred,  63; 
too  minute  for  observation,  67 ;  indestruc- 
tible, 69 ;  component  of  a  bmly  not  in  con- 
tact, 74 ;  weight  of  aggregate  of,  its  weight 
of  body,  3i'>3 ;  eflfect  of  coWion  on  gravity 
of,  863;  resultant  of  gravitating  forces  nf, 
S«i4;  method  of  delarniining  resultant, 
865. 
Moment,  of  power,  defined.  409. 
-^,  of  weight,  defined,  409. 
Momeatuin,  of  solid  uasaes,  J90 ;  of  liquids. 


Vi\ ;  of  air,  1^;  irlthmetieal  erpressioa 
for  communication  oC  198. 
Month,  mean  temperature  of,  3165 ;  of  mean 

temperature.  3167;  lunar,  3480. 
Moon,  8465 ;  appearance  of,  when  tising  or 
setting :  oval  f«>rm  of  disk,  3436 ;  distance, 
3466;   linear  value  of  \"  on,  8467;  ap- 
parent  and  real  diameter,  8468;  apparent 
and  real  motion,  8469;  orbit,  8471 ;  ap- 
aides,  8478 ;  apogee  and  perigee,  ib  ;  pro- 
gression of  apsides,  ib.;  nodes,  3473;  ro- 
tation, 8474 ;  inclination  of  axis  of  rota- 
tion, 8475;  libration  in  latitude,  3476; 
phases,  8479;  synodic  period,  3480;  mass 
and  density,  3481,8640  ;  no  air  upon.  3483; 
moonlight,  8484;   no  liquids  on,  8485; 
disk.  3488:  surface,  8489;  Diains.  341)0; 
monntalns.  ib.;  influence  of.  on  weather, 
3493;  other  influences.  3491;  red,  3495; 
tides  and  trade  windn.  3513;  cotnparipon 
nf  limtre  of  ftill  moon,  with  sun,  3383. 
See  Lunar  thecrif. 
MiHiiiheht,  3484. 
ftlorse's  eleriric-lelegraph,  8132. 
Motion,  144;  why  retarded  and  destroyed, 
118;  how  sfiected  by  forrc,  144;  resolu- 
ti(»n  of,  ltt5;  direction  nf,  in  curve,  ]t;6; 
prinriples  of  romponition  and  resolution 
of  force  appltcMbk'  to,  170 :  of  two  in  same 
direction,  resultant  of,  171;  in  opposite. 
173:  in  difll>rent,  173;  composition  and 
resolution  of.  examples  of,  174 ;  of  fishes, 
birds.&c,  178 ;  absolute  and  relative,  185 ; 
laws  of,  819;  always  same  quantity  in 
world  explained,  331 ;  of  falling  body  ac- 
celerated, 838;  of  falling  body,  analypia 
of,  840;  uniformly  accelerated.  843;  of 
bodies  projected  upwards  retarded,  854; 
down   inclined  plane,  855;  on   inclined 
plane,  uniformly  accelerated.  356 ;  of  pro* 
jectiles.  257 ;  causes  of  irregular,  504 ;  eye 
has  no  perception  of  any  but  angular, 
1174.    See  Sunt  Moon,  PtantUt  and  the 
tevorml  Ptaneto. 
Moulds,  for  casting  metal,  1364;  electro- 
metallurgies 131. 
Multiplier,  electric- magnetic,  8038. 
Musical  sounds  or  notes.    See  Sovnd. 


N. 

Nadir,  3341. 

Nairne's  cylinder  electrical  machine,  1737. 

Napoleon's  galvanic  pile,  1890. 

Nebula.    See  Clnoior, 

Needle,  magnetic,  16.19;  dipping.  1659;  di- 
urnal variation  of,  1675;  influence  of 
aurora  horeslison.  1677;  Asiatic,  ltig5. 

Neptune.  8»«1 ;  discovery  oC,  ih. ;  researches 
of  Le  Verrier  and  Adams,  8886;  its 
predicted  and  observed  places  In  near 
proxiniiiy.  3tf89;  orbit,  8890;  comparison 
of  the  eflVcis  of  the  real  and  predict<>d 
planets.  8893;  period.  8894 ;  relative  orbits 
of,  and  earth.  3896;  apparent  and  real 
diameter.  3897 ;  sateilits,  8i4)8;  mass  and 
density,  3899;  apparent  inagnitud9  of 
sun  at,  3i<U0;  suspected  ring,  3901. 

Newton's  laws  of  motion,  819. 

Newtonian  telescope,  1315. 

Nobili'B  reometer,  8038;  thermo-electric 
pile,  3050, 

Nodal  lines  or  points.    Bee  Snni. 

Nodes,  of  moon,  8473,  3881 ;  aseendinf  and 
descending,  ib.  8685;  letrogression,  t*. 
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Bee  PUntig,  CmMs,  Lunar  tkwj.  Ptr- 

turbatioHS. 
NoH-coiiduciora,  electric,  1711. 
Noon,  3452. 

Noreiiilierf 'B  poiaritcopic  apparatua,  1289. 
Nucleus,  3U82.    See  Cewul*. 
Nuiaiiun,  9MI,  3«ffi. 


Observatory,  3.1!)5. 

Occiiliatioii,  29(12,  3950, 3964.  See  Eclipt: 
DeGned,  3ii64 :  by  the  moon,  39(i5;  longi- 
tude cieier  mined  by,  39()6;  indicates  pre- 
sence or  absence  of  atmosphere,  3967;  siu* 
gular  visibility  of  star  after  commence- 
ment of,  3960;  suggested  application  of 
lunar  occulta tions  to  resolve  double  stars, 
S969;  by  Saturn's  rings,  S970. 

Oils,  congelation  of,  1401. 

Optical  instruments,  1188. 

Orbit,  theory  of  variable,  3119;  perturba- 
tions and  disturbing  forces,  3134 ;  method 
of  vsriabie  elements,  the  instantaneous 
ellipse.3135 :  orthogonal  component, .1130; 
radial  and  transversal  components,  3131 ; 
tangential  and  normal  components, 3133; 
orthogonal  affects  inclination  and  nodes, 
3134 :  radial  and  transversal  affect  central 
attraction  and  angular  motion,  tft.;  tan- 
gential and  normal  afloct  linear  velocity 
and  curvature,  3135  ;  positive  and  nega- 
tive components,313(j;  effects  of  the  radial 
component  of  the  disturbing  force,  3138; 
efleciB  of  the  transversal  component  of 
the  disturbing  force,  3153;  efiects  of  the 
orthogonal  component  of  the  disturbing 
force,  3158 ;  general  summary  of  effects  of 
a  disturbing  force,  3163.  See  Moon^  the 
9«V4rai  PUtneU,  CsmsU,  Lunar  tk—ry. 
PerlurbmliotiM,  Start. 

Organisation  of  animalcules,  49. 

Orrery,  electric,  1780. 

Oxygen,  its  agency  in  combustion,  1585. 


Pallas.    See  Planetoid*. 

Parallax.  2335;  diurnal.  3336,  3443;  hori. 

zontal,  3337;  annual,  3443;  of  stars,  3446 , 

effect  of,  OH  echiise,  3915;  stellar,  3994; 

annual,  3397.    See  Fiztd  Stars. 
Partbenope.    See  Planttoid*. 
Pascal,experimentunicrucis  as  to  the  weight 

of  atiliMsphere,  713. 
Pastorff,  spots  on  sun,  observations  and 

drawings,  3541. 
Pencils  of  rnys,  convergent  and  divergent, 

903,    BeeLifrkt. 
Pendulum,379,5l  1,551 ;  compensating,  1 369; 

Harrison's  gridiron,  1370 ;  magnetic,  1617. 
Pentiand,  researches  as  to  snow-liue,  8188. 
Penumbra,  3918.    See  Eclipte. 
Pepys's  galvanic  pile,  1894. 
Perigee  of  moon.  3473,  3303,  3305,  3911— 

3314.  3317— .1330.    See  Lunar  theory. 
Perihelion,  3605 ;  place  of,  2608;  distance, 

2986. 
Perijnve.    See  Jooiaw  tyeiem. 
Period,  synodic,  3480;  sidereal,  3984;  equi- 
noctial, ib.;  commensurable,  3353.    See 

Pianet»,  the  sei>aral  Piamefj. 
PenurbaiioDS  (spheroidal),  3373;  disturbing 

forces  consequent  on  spheroidal  forms, 

3273;    preoessioii    of    equinoxes,    3276; 

equiooctial  aod  sidereal  year  3378;  period 


of  the  preeenion.  3279:  itt 
the  longitude  of  celestial  objects,  3^0; 
produces  a  rotation  of  tlie  pole  of  equator 
round  that  of  ecliptic,  3:281;  pole-star 
varies,  3383 ;  nutation,  3286 ;  e«|uatioa  of 
the  equinoxes,  3387;  proporiioo  of  the 
luean  precei*Bion  due  to  suu  aai  oiotm, 
3388;  like  effects  on  other  planets,  3289; 
spheroidal  inequalities  of  Jovtan  ajaieiu, 
3293;  of  Saturnian  systfui,  3293. 

,  periodic  and  secular,  3IK5. 

(of  Jovran  system).  3343,  3344. 

(planetary).  3345;  of  i lie  lerreairial,  by 

major  planets,  3346;  affiled  by  ibe  posi- 
tion of  apsides  and  nodes  in  relation  to 
line  of  conjunction,  3249;  metbod  of  de- 
termining change  of  direction  of  line  of 
cunjuiiction,  3350;  effecu  of  disturbing 
force  In  cases  of  commensurable  periods, 
3251 :  planets  present  no  case  of  cominen* 
surabie  [teiiuds,  3354;  long  iuequaliiica, 
3255 ;  long  inequality  uf  Jupiter  and  Sa- 
turn, 3856;  its  effect  upon  the  major  axis 
and  period,  3256;  upon  the  eooentncities, 
3259;  on  the  direction  of  apsjde*,  3260; 
long  inequality  of  Venus,  3361 ;  cHber 
long  inequalities,  33G2;  long  inequalities 
of  nodes  and  inclinations,  3363;  aeeolar 
inequalities,  32G4 ;  secular  constancy  of 
major  axes,  3265;  secular  variation  of 
apsides,  3366;  of  eccentricity,  3367;  of 
nodes,  3368;  of  the  inclination,  3969; 
Laplace's  theorems  of  the  relations  be- 
tween the  eccentricities  and  iuclinaiioaa 
of  planeury  orbits,  3270. 

Petrifaction,  86. 

Phantaacope.  1  ise. 

Phases,  of  moon,  2479 ;  of  planets,  SS94. 

Phnspborus,  congelation  of,  1461. 

Photometry,  903. 

Pile-engine,  532. 

Piles,  galvanic.  Bee  EUctrieitf.  Tbermo- 
eloctric,  2049. 

Pisa,  leaning  tower  of,  S83l 

Pistol,  electric.  1804. 

Plane,  inclined,  477,  355. 

,  reflector,  930. 

Planetoids,  2718;  discovery  of  Ceres,  3719; 
of  Pallas,  2730;  Olbers'  hypotheais  of  a 
fractured  planet,  3731 ;  discovery  of  Juno, 
S723;  of  Vesta,  8723;  of  the  otlier  planet- 
oids, 3734 ;  table  of  planetoids  discovered 
before  1st  January,  1853,  3785;  force  of 
gravity  on,  2728. 

Planets,  2559 ;  primary  and  secondary,  ift. ; 
planetary  motions,  3561 ;  inferior  and  su- 
perior, 2563 ;  periods,  2564 ;  synodic  mo. 
tion,  35()5:  geocentric  and  heiioeenirie 
niotion8,3566 ;  dai ly synodic  motion.356!) ; 
elongation,  2571;  conjunction,  2573;  quad- 
raiure,3574;  synodic  perind,3575;  superior 
and  inferior  conjunction.  S.)76;  apparent 
motion  of  inferior  plane  t,3578,2S80;  direct 
and  retrograde  motion,  3.579;  origin  of 
term,  3581 ;  apparent  motion  of  superior 
planet,  )iS&i.  3564:  direct  and  retroerade 
motion,  3583:  visible  in  absence  of  sun, 
8585;  evening  and  morning  star,  8586; 
to  And  periodic  time,  3588;  to  find  the 
distanre  from  snn,  359:4;  phases.  S5f)4; 
attriciions,  3507 ;  orbits,  3bU4 ;  perilieiion, 
aplielion,  mean  distance,  3605;  major  and 
minor  axes  and  eccentricity,3<J06 ;  apsi.lca 
anomaly.  3607;  place  of  perihelion,  8608; 
lon;?itude  of  perihelion,  ib.;  hanuonie 
law,3680;  Kepler's  laws,9623 ;  inclinaUoa 
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of  nrMu.   nodea,  <W24;  andiae,   S0S9; 

methods  ordeteritiininK  diBtanoe  from  Bun. 
S627 ;  10  deleriiiiiie  real  diameters  and 
volumes/2t)3*i ;  to  determine  masses,  S(Ki3 ; 
of  Mars,  !2(i38;  of  Venus  and  Mercury, 
SU3d;  of  the  moon.  S040;  to  determine 
the  d«>ndities,  264C;'  to  determine  super* 
flci%lgraviiy,2tt47;ctassiflcation  in  groups, 
2t)5U:  terrestrial,  ib;  planetoids,  ati5I: 
major,  2652;  Mercury,  S633;  method  of 
ascertaining  diurnal  rotation,  2667;  data 
winch  determine  the  magnitude,  fnrm.and 
position  of  the  planatary  orbits,  SU71;daia 
to  determine  the  place  of  the  planet,  3062 ; 
sidereal  period,  3964 ;  equinoctial  period, 
ib.;  extreme  and  mean  distances  flrom  aun 
and  earth.  8985;  perihelion  and  aphelion 
distances,  SiSfi ;  conditions  affecting  the 
physical  and  mechanical  stats  of,  iode< 
pendently  of  ita  orbit.  8987;  distajieea 
from  the  sua  and  earth  in  millions  of 
miles,  2986;  surfaces  and  volumes,  8989 ; 
masses,  2990;  densities.  S991;  intensity 
of  solar  light  and  beat,  2994  ;  superficial 
gravity,  2!)95;  orbiul  velocities.  899tf; 
superficial  velocity  of  rotation  .8997 ;  solar 
gravitation,  8996.  See  8oUr  «f sUat,  Sa- 
UUUu,  P$rturbationB   Earth. 

Platinjim  rendered  incandeieeot,  1593. 

Plumb-line,  927. 

Polil's  rheotrope,  19IS. 

Points,  cardinal,  2343;  equinoctial,  9430. 

Point,  working,  defined,  390;  standard,  in 
thermometer.  1328;  freezing.  1332;  boiling, 
ib.  1504 ;  of  fusion,  1448 ;  of  congelation, 
1456;  consequent,  1648,  1963;  electric 
eonduetors  with,  1777;  electro-magnetic, 
1962. 

Pointers,  3333. 

Polarization,  heat,  1570;  light,  1806. 

Polariscopes.  1268. 

Polar  regions,  8177;  cold  of,  881S. 

Pole-scar,  2333. 

Poles,  magnetic,  1614,  1656;  position  ef 
magnetic,  1665;  (electric),  positive  and 
negative,  1853;  of  galvanic  pole,  1903. 

of  earth,  3358;  galactic,  3»». 

Pores,  defined,  75;  proportion  of,  to  mass, 
determines  density.  76 ;  differ  from  cells, 
79;  sometimes  occupied  by  more  subtle 
matter.  80;  the  densest  substances  have, 
8-f ;  of  bodies,  region  of  molecular  forces, 
349. 

Porosity  and  density  correlative  terms,  77; 
examples  of,  81 ;  of  wood.  82 ;  of  mineral 
substances,  87;  of  mineral  strata,  86. 

Power,  moving,  defined.  389 ;  when  tt  mor^ 
than  equilibrates  accelerated  motion  eu- 
aiies^  402;  when  too  small  to  eouilibrate 
motion  retarded,  40j^  moment  of,  defined, 
409. 

Power*,  mechanic,  classification  of,  4S4. 

Potassium,  3U97. 

Pouillet's,  modification  of  Daniel's  batterv, 
186H,apparatus  to  exhibit  eflffects  of  earth's 
magnetism.  1994;  thermo-electric  appa- 
ratus, 2043. 

Precession  of  the  equinoxes,  3375.  Bee 
Spheroidal  perturbatUnM. 

Pressure,  1375,  1492,  13d2, 1383, 1468.  See 
f^aporiiation. 

Prime  vertical,  9343. 

Prism.  1004.    See  Lt^A4. 

Prismatic  spectrum,  1058.    Bee  ZJghL 

Projectile.  257;  shot  horixontaUy,  258, 
novM  in  parabolic  corvee,  9U0*  conclu- 


sions as  to,  modified  by  resistanes  of  air, 

861. 
Projection,  oblique,  959. 
Proof-plane,  1770. 

Props  or  poi  nts.  effects  of,  in  macbiiier7,307. 
Ptolemaic  nystisui,  2444. 
Pulley,  461. 

PuKilisni.  collision  in,  311.     ' 
Pump,  rope.  373;  air,  743 ;  lifting,  748;  too-  . 

tion,  749 ;  forcing,  750. 
Pyramid,  stability  of,  381. 
Pyramids,  remarkable  cireumstanoe  coo- 

nected  with,  .T/84. 
Pyrometer,  1319,  1350;  graduation  of,  139L 
Pysche.    Bee  PlmmMda. 


Quadrature,  9574 ;  line  of,  318&  See  Lunar 

thtcrf. 
Quetelpt,  observations  on  atmoepbenceleo- 

triclty,  9969. 


Radiation,  1314. 1543;  rate  of.  1554  ;  inten- 
sity of,  1555 :  influence  of  surfhce  on, 
1556;  radiating  powers,  1550. 

Railway  carriage,  object  let  fkll  (torn,  189; 
trainti,  collision  of,  210. 

Rain,  2952 ;  gauge,  9253;  quantity  of,  9954. 

Rays,  diverging  and  converging,  903.  See 
Uirl^    Solar.  2553. 

Reaction  and  actiim,  305. 333;  how  modified 
by  elasticity.  213. 

Renumer's  scale,  1338.  ' 

Red-hot,  1310. 

Reflection,  317,  936;  and  Incidence,  917; 
laws  of,  explained,  1324. 

(heat),  1316,  1553,  1573;  reflecting 

powers,  1559.    See  Light,  Htat. 

Reflector,  941,  943.    ^vn  Light. 

Refraction  (heat).  1317.  1570;  (light),  079; 
index  of,  980 ;  fncus  of,  1036 ;  laws  of,  ex- 
plained, 1924 ;  double,  1249 ;  laws  of  doa- 
ble, 1249;  of  thermal  rays.  1549. 

RegnauU's  tables  of  specific  heal,  1430. 

Regulator,  509 ;  general  principle  of  action 
of,  fi^. ;  governor,  510;  pendulum,  511; 
balance- wheel,  ib.;  water,  512;  fUsee, 
513;  fly-wheel,  516;  electro-magnetic, 
1973. 

Rheometer,9090;dififerential,  9034. 

Rheoscope.  9030. 

Rheotrope,  Pohrfi,]919. 

Repulsion,  354 ;  mutual,  of  atoms  of  gaa, 
360;  mutual,  ascribed  to  action  of  lieat, 
963;  between  solids  and  liquids,  372; 
magnetic,  1619 ;  electric,  1690. 

Resolution,  of  fbrres,  154;  of  motion,  165; 
examples  of.  174. 

Resultant,  of  fbrces  in  same  direction,  148; 
of  opposite  fhrces,  149;  and  component 
correlative,  150;  of  forces  In  different  di- 
rectionH,l5I:  and  component  interchange- 
able, 153 ;  of  any  number  of  forces  in  any 
directions,  155;  of  parallel  forces.  157; 
condition  under  which  two  forces  admit  a 
single,  163;  of  two  inniionsin  same  direc- 
tion, 171;  in  opposite,  172;  in  different, 
173 ;  of  gravitating  force  of  molecules,  364. 

Retina,  1089.    See  Ef. 

Ritter's  secondary  galvanic  piiea^  1900. 

Rod,  discharging,  1749. 

Romas'B  experiments  on  atmoaplieric  •too^ 
trieity,  9960. 
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Boo(k,  nwtiinic,  1366. 

RiiSM  (carl  of),  observotion*  of  moon,  9499: 
olMervatuina  and  drawings  of  clustera  and 
nebnls,  33Hd  ;  lelescope.  3390,  3397. 

Boiaiiou.  Sea  PiamuB,  Afeim,  tbe  §mral 
Plantu. 

Buaaell'B  chart  if  moon,  2489. 


Bt.  Peter*s  at  Borne,  singular  optical  illasion 
produoed  in,  ]179. 

BaMlliieSi  to  delerroine  masses  of,  9645 ;  ta- 
bulated elements  of,  9999.  See  E^rtM, 
JypiUr,  Saturn^  Planets, 

Baturn,  9780;  Seiurnian  system,  ib.;  pe- 
riod, 9781:  heliocentric  motion,  9789; 
synodic  motion,  9783;  distance,  9784; 
annual  parallax,  9786;  orbital  motion, 
9787 ;  division  of  synodic  period,  2788;  no 
phases,  9789 ;  stations  nnd  retrogressions, 
9791 ;  apparent  and  real  diameter,  9799: 
surface  and  volume,  9793,  9834;  diurnal 
rotaiion,9794 ;  inclination  of  axis  to  orbit, 
9795 :  days  and  nights,  years,  9796;  belU 
and  atmosphere,  9797;  solar  light  and 
beat,  9798 ;  rings,  9799;  position  of  nodes 
of  ring  and  inclination  to  ecliptic,  9800; 
obliquity  of  rin<  to  planers  orbit,  2801; 
phases  of  ring,  9809;  apparent  and  real 
dimensions  of  rings.  98U3;  thickness  of 
rings,  98U4;  illumination  of  ring,  belio* 
cenlrie  phases,  98U5;  shadow  of  planet  on 
rings,  9806;  Schmidt's  observations  and 
drawings,  9810 ;  Uerschel's  obeervstions, 
9811 ;  supposed  multiplicity  of  rin^,  9819: 
ring  probably  triple:  observations  or 
Lasaell  and  Dawes,  9813;  researches  of 
Bessel,  9814;  obscure  rings,  9815;  draw- 
ing of,  and  of  rings  in  1850,9816;  mass  of 
rings,  9617;  stability  of  rings,  9818;  rota- 
tion of  rings,  9890;  eccentricity  of  rings, 
9821;  satellites,  9823;  their  discovery, 
9^25;  their  dieUnces  and  periods,  98:16 ; 
harmonic  law  observed.9827 ;  elongations 
and  relative  distances,  9828;  phases  and 
appearances  of  satellites,  9899;  magni- 
tudes, 98:)0:  their  horizontal  parallax, 
9839 ;  relation  between  periuds,  2835 ;  ro- 
tation on  their  axes,28:M;  mass  of  Saturn, 
9837;  density,  9838;  sufierflcial  gravity, 
52830 :  centrifugal  force  at  equator,  9840; 
variation  of  gravity  from  equator  to  pole, 
9841 ;  errors  as  to  uranography  of,  9849 ; 
Views  of  Sir  J.  Her»r.hcl.  2843:  theory  of 
MUdler,  9844;  Lardiiur's  corrjctions  of 
preceding  views.  9845;  phenomena  ob- 
served from  surfhce  of  Saliirn,  it.;  solar 
aclipaea  at  Sat  urn's  equaior,9847 ;  ecli  pses 
of  satellites,  9848;  phenomena  at  other 
Saturnian  latitude,  2849;  appearances  of. 
rings  at  variona  latitudes,  9854.  sc  ttq.; 
occultaiions  of  cele#lial  objects  by  rinv*, 
58.59;  xone  vi8ible  between  rinffs,  9800; 
polar  eclipses  by  rings,  2809;  eclipses  of 
the  Hatelliles.28i>3 ;  seasons,  2864  ;  eclipses 
•f  satellites  not  observable,  2i>0U;  occul- 
ta tion  by  ringf),  9970;  long  innqnirliiy, 
t255.  See  Saturnian  tyiffm,  PlancU,  Per- 
turbattoHS. 
r-turnian  system,  elements  of,  9999.    Be« 

Pertmrbatipn*. 
Puissure's  hygrometer.  9947. 
SMrart's  modiflcation  of  th«oryof  contracted 
vein,  089. 


Scale,  thennoiiMtrley  1387 :  centigrade.  1335; 
Beauniur,  1336. 

Scienoe,phy«ical,a  aeries  of  approzimatiooe 
to  truth,  393. 

Schonbein's  modiflcation  of  Bnneen^s  bat- 
tery. 1874;  experiments  on  tbe  paanviir 
of  iron,  9098. 

Schmidt's  obserrations  and  drmwinsa  of 
Saturn,  9810. 

Sclerotica,  lOes.  See  £ya 

Screw,  492. 

Screw-press,  596.  ,      ^    ^ 

Seas,  thermal  condition  ot,  9197;  deptb  of 
polar,  9911. 

Seasons,  9439.    See  the  seesra/ PlmsCa. 

Sensation  of  beat,  1606. 

Bee-saw,  electric  I79& 

Shot-man ufhcture,  357. 

Sights,  use  of,  9301. 

Silk,  40. 

Simple  voltaic  combinations,  I84S. 

Siphon,  753L 

Sirene,  856. 

Sledge-hammer,  593. 

Bmeaton*s  pulley,  474. 

Smee's  galvanic  battery,  1870. 

Smith  and  Madear's  drawings  of  HaUey^e 
comet,  3105. 

Snow,  2995;  perpetual  line  of,  M94,  SISS, 
1  §eq.:  effect  of,  on  soil,  1530;  table  of 
heights  of,  9187;  Humboldt's  and  Peni^ 
land's  reeearehes  as  to,  9188. 

Soap-bubble,  thinness  of,  41. 

Sodium,  9097. 

Solar  heat.    See  Planets,  8mn. 

light.  1544.    See  Pianets. 

—  system,  9983,  2555;  difllcultim  pre- 
sented by,  9556 ;  arrangement  of  bodiee 
composing.  9558;  planets,  2559;  tabular 
synopsis  of,  9971 ,  planeury  data,  U. 

Solders,  effect  of.  370. 

Solidification,  1308,  1431;  of  gases,  1501. 

Solids,  elasticity  of,  103  ^examples  of  elasti- 
city of,  104;  momentum  of,  190;  dilata- 
tion of,  1355;  contraction  of,  1365 

Solstice,  9433. 

Sonometer,  application  of  electro-mafnetie 
machine  as  a,  1974. 

Sound,  890. 

Speaking-trumpet,  885. 

Specific  beat,  1406;  relation  of,  to  denoity, 
1417. 

Spectacles,  1188. 

Spectra,  ocular.  1160. 

Spectrum,  prismatic  1058.    See  Ligkt, 

Sphere,  celestial.  9347. 

Spiders*  web,  finenew  of,  53. 

Springs,  temperature  of,  9196. 

Stability,  of  body,  conditions,  980;  of  py 
ramid,  981;  of  loaded  vehicle,  985;  of  a 
table.  286;  of  body  supported  ou  several 
feet,  987. 

Stars,  (fixed),  3994 :  annular  parallax,  para- 
lactic  ellipse, 3997 :  distance  inferred  (torn 
parallax,  3300;  Professor  Henderson's 
discovery  of  parallax  of  a  Centaori, 
3303;  difftircntial  method,  3304 :  parallax 
of  nine  stars  ascertained.  3308 ;  orders  of 
magnitude,  3309 ;  absence  of  disk  proved, 
3:tl5;  meaning  of  the  term  magnitude, 
3317;  classification  by  magnitudes  arbi- 
trary, 3318;  Hersrhel*s  astrometer,  3320; 
comparative  lustre  of  «  Centauri  with 
ftill  moon,  3399 ;  comparison  of  lustre  of 
ftill  moon  with  sun,  3393  ;  of  sun^s  light 
withaCentauri,3334vof  inirinaicspleiidoiir 
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ofna  and  llxad  itarySasS;  attrometrie 
table  of,  190,  3389;  use  of  telescope  in 
itellar  olwervHtion*,  3330;  leieacopic 
3339;  stellar  noniRnclature.  3333;  use  of 
pointers,  3334;  of  slar<Hiaps,  3:i35,*  of 
celestial  globe,  3336:  proper  motion  of, 
33i>3:  eSect  of  snii's  supplied  motion  on 
appnreiit  places  oi;  33l5S.    See  Firmamtnt. 

Stars  (periodic  tampnrary,  and  miiliiple), 
3338;  iuiMin|[,3:H5;  Struve's  classification 
of  double,  3350;  coloured  double,  3359; 
attempts  to  discover  stellar  parallax  by 
double.  33S4;  observations  of  Sir  William 
Herachel,  3355;  extension  of  law  of  gra* 
vitalion  to,  3357 ;  orbit  of  star  round  star, 
3358;  magititudvs  of  stellar  orbiu,  3361 ; 
massesof  binary  stars  determined  by  their 
parallax  and  peritid,  33iil. 

Star  (polo),  S333:  effect  of  annual  parallax, 
2446;  mornini^  and  evening,  8SH6,  SbTO; 
singular  visibility  of,  after  commence* 
meat  of  occuitation,  996b:  suggested  ap- 

Slication  of  lunar  occiiltations  to  resolve 
ouble,  3060;  pole  star  varies,  3*i83. 

Steam,  high-pressure,  expansion  of,  1493. 

Steam-boats,  collision  of.  910;  expedients 
adopted  in,  to  counteract  effoa  of  side 
wind,  677. 

Steel,  tampering,  1484. 

Siael-sprioga,  elasticity  of,  107. 

Stellar  clusters  and  Debula.    See  CbuUn, 

universe,  9284. 

Stone,  compression  of,  93. 

Stools,  Insulating,  1714. 1741. 

Btovea,1386;  unpoliBhed,  advantage  of,1574. 

Strati ngh's  galvanic  dellagrator,  1893. 

Structures,  metallic,  1366. 

Btruve*8  drawings  of  Halley*8  comet,  9093. 

Strychnine  dissolved  in  water,  55. 

Subsunces,  magnetic,  1629. 

Sulphur,  fusion  of,  1455. 

Sun,  9599;  appearance  of,  when  rising  or 
setting,  1170,  heat  emitted  bv,  2414, 9916  : 
oval  form  of  disk,  9496;  distance,  9456; 
apparent  rootion,9458 ;  eflbct  of  attraction 
on  tides,  2517;  apparent  and  real  niag> 
nitude,  2599 ;  surnce  and  volume.  9531 ; 
mass  and  density .9539;  form  and  rotation, 
2533;  axis  of  roUtion,  t*.;  spots.  9534; 
atmospheres,  9536;  Capooci's  observations 
and  drawinn,9540 ;  PastorlTs,  9541 ;  Sir  J. 
Herschel's.  9543;  coating  of,  2540.  9549, 
test  proposed  by  Arago,  2547 ;  rays,  calo- 
rific, 2553;  probable  cause  of  solar  heat. 
2554 ;  distance  determined  by  transit  of 
Venus,  2963;  comparison  of  lustre  of 
with  full  moon,  3393;  of  light  with  that 
of  a  Centauri.  3324 ;  of  intrinsic  splendour 
of.  and  fixed  star,  3395;  not  a  fixed  centre, 
3364;  effect  of  supposed  motion  on  places 
of.  the  stars,  3365;  velocity  of  solar  mo- 
tion, 3367;  probable  centre  of  solar  mo- 
tion, 3368. 

Surface.  See  the  tnsrul  PlenaU,  Asa, 
PUneU. 

Swimming,  175. 

Syringe,  exhausting,  730 ;  fire,  1416. 

8>zygy,  line  of,  3187.    Bee  Lunar  tkearf. 


Telescope.  9304, 1919;  Newtonian,  with  ml- 
crometrie  wires. 9309;  use  of,  in  stellar  ob- 
■ervations,  3330;  Herschel's,  3.^5;  earl 
of  Rosae's,  3306. 3397 ;  Northumberland, 


Tsmperature,  1399,  1374;  dllautlon  by. 
IIP;  ailfects  malleability,  KU;  methods  of 
computing,  acroiding  to  different  scales. 
1337;  of  greatest  density,  1306;  metliod 
of  equalization  of,  1413;  in  liquids  and 
gases,  15J3;  of  globe  of  earth,  1540 .  ne- 
cessarv  to  iHviduce  combustion,  1588;  of 
blood  lu  human  species,  1596;  of  blood  in 
animals,  1598.    See  Hed. 

,  local  variations  of,  9161;  mean  di- 
urnal, 2164;  mean  of  month,  2165;  of 
year,  91(36 ;  month  of  mean.  9167 ;  of  the 
place,  9168 ;  table  of  Paris,  2182 ;  extreme, 
2183;  depending  on  elevation,  9185; 
stratum  of  invariable,  9190,  «i  uq.;  of 
springs,  9196;  of  seas  and  lakes.  9197; 
variations  of  air  at  sea  and  on  land,  99C3 ; 
of  celestial  8paces.99l8 ;  received  by  earth 
flt>m  celestial  space,  9210. 

Tenacity,  140;  table  of,  of  metals,  141 ;  of 
fibrous  textures,  149. 

Terrestrial  magnetism,  1649;  Influence  of, 
on  voltaic  currents,  1985. 

Thalia.    See  /Yasstotd^. 

Thaumatrope,  1156. 

Thermal  unit,  1405. 

Thermo-electricity,  2036.    See  Ei«ttrieitf. 

Thermometer,  1319;  mercurial,  1399;  tube, 
1394;  bulb,  1395;  self-regislering,  1344; 
spirit  of  wine,  1345;  air.  1346;  diffcren- 
tial,  1349 ;  efkci  of,  on  refraction,  2424. 

Thermometry,  1390. 

Thermoscopic  bodies,  1321 ;  apparatus,  1564. 

Tlietis.    See  Plan»toid$. 

Thunder,  2968;  tubes,  9S75. 

Tides,  9513;  lunar  influence,  S514;  ran*! 
attraction,^9S17;  spring  and  neap,  9518J 
priming  and  lagging,  9jhK)  ;  researchea  or 
WheWell  and  Lubbock.  9591 ;  diurnal  in- 
equality, 9593;  local  efllicts  of  land,  9594 ; 
velocity  of  tidal  wave,  9595 ;  range,  9596; 
eflbet  of  atmosphere,  2597. 

Timber,  strength  of.  505. 

Time,  sidereal,  2338,9453;  mean  aolar  or 
civil,  2451;  apparent  solar,  9455;  equa- 
tion, ih. 

Torpedo,  electrical  properties  of,  2156. 

Torricelli,  anecdote  of,  710 ;  celebrated  ex- 
periment of,  711. 

Torsion,  elasticity  of,  109. 

Trade  winds,  2598. 

Transit.  9397, 9009,  9950.    Bee  Eclipf. 

,  of  the  inferior  planets.  2961 ;  condi- 
tions, ih.;  intervals,  2962;  sun's  dis- 
tance determined  by,  of  Venua.  2963. 

Transit-instrument.  9397 ;  Troughton'a 
circle,  3399 ;  Greenwich,  3400. 

Treadmill,  449. 

Tredgold,  table  of  transverse  sticngih  of 
metals  and  woods,  609. 

Tree  of  Baturn,  9100. 

Tropics,  9436. 

Tube,  properties  of  capillary,  375;  thermo- 
metric,  1394. 

Twilight.  2^  2602.  Bee  the  $ntrml 
PtoRSte. 

U. 

Undulation,  theory  of.  7P9. 

Unit.  Ihermometric,  1334;  thermal,  1405. 

Uranography  of  Saturn,  prevailing  errors 
ss  to.  2H49.    See  Saturn,  LardmT. 

Uranus,  2865;  diacoverj .  lA.;  period.  286<>; 
heliocentric  motions  MttH;  synodic  mo- 
tion, 9869:  dislancr    1870;  orbit,  2871; 
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apparent  and  real  diameter, 9874 ;  mirfhee 
and  voliiine,  *J875;  diuma)  rniaiion  and 
phyiticnl  churacicr  nfiiurrace.  2tf7(> ;  tnlHr 
lif[litaiid  iD^al  'i877;H(iBpccted  riiift«.3ri78; 
aateilitei»,'287*J;  iiicliiialinti  orurbiu,*<tt)60 ; 
their  iiioiion  and  phKaea,  2H8I ;  man  and 
denflily  of  Uraniia,  *J8^;  iinezpiaineddiB- 
turbanci^  ill  motion,  S<^4;  remarkable 
anticipation  of  the  discovery  of,  3057. 
8ee  C^ranjaa  gifttemj  Planett. 
Uraniaii  aysieut,  elemenu  of,  2909. 


Vaporization,  1309,  1485. 

Vapour,  14^5;  apparaius  for  observing  pro- 
periiua  of,  14^6;  elastic,  transparent,  and 
lu visible,  14^7 ;  how  pressure  of,  indicated 
and  measured,  J4tJti;  relation  between 
pressure,  tetiiperature.  and  density,  I49J ; 
inerhanical  force  »r,  1494 ,  dilalabln  by 
heal,  J 496:  properties  of  super-heated, 
149i>;  cannot  be  reduced  to  liquid  by  mere 
compression,  MUi;  coinprt-ssinn  of,  1499; 
latent  heat  of,  1509;  atmospheric.  ^iHi]; 
method  of  determininj;  donsily  and  pros- 
aure  of  atmospheric,  '2-241 ;  table  of  prea- 
Burea  and  denaiiies  of,  9*242. 

Variaiion,  U<55;  diurnal,  of  needle,  1675. 

Vena  coniracta,  685;  two<ihirds  of  orifloe, 
688. 

Ventilation  of  biiildlnfa,  1385. 

Venus,  31)70;  mass  of,  31)30;  period,  3670; 
heliocentric  and  synodic  motions,  267 1 ; 
distance,  '267;!;  orbit,  2075;  apparent  mo- 
tion, 2I>76;  stations  and  retrogreseion, 
S677;  morning  and  evening  star,  2b79; 
apparent  diainelcr,  3680 ;  real  diameter, 
308*2 ,-  mass  and  density,  2ud3;  superficial 
gravity.  3ii84;  solar  light  and  heal,  3085; 
rotaiion,prnbable  inountains.S6&6;  obaer- 
vaiionsufCassini,Her8chel,andSchr6ter, 
3087;  of  Beer  and  Madler,  3ii88;  Beer  and 
Miidier's  diaiirama.  2t)89;  observations  of 
De  Vico,  2o90;  azia  of  rutalion.  -MU  ; 
tvvilijrht,  3<i02:  form,  sus|.x>c(ed  aaieliite, 
3ii9a;  long  inequality  of,  as{54i. 

Vernier.  1.154. 

Vertical  (prime),  9343. 

Vessels,  sailing,  effect  of  wind  on.  179. 

Vesta.    See  Ptanttoidt. 

Vibratory  metals,  131. 

Vico  (De),  obaervationa  of  Venua,  3G90. 

Victoria.    Bee  Planetoid*. 

Vis  inertiiB,  a  term  fertile  of  errors,  116. 

Vision,  1099.    See  Ej/e. 

Vitreous  humour,  1089.    See  Eft, 

Voice,  organs  of,  described,  887. 

Voltaic  batteries,  1876.    See  Eittricii^. 

— —  currents,  1901. 

electricity,  1843.    Bee  EUcirieitff. 

Volta's  first  galvanic  combination,  1859; 
invention  of  the  pile,  1876. 

Voltaic  piles,  1889. 

—  theory  of  maKnetiam.  9035. 

Voltameter,  Faraday's,  3079. 

Volume,  of  earth,  3394;  of  moon,  3481 ;  of 


ttim,  2531 ;  to  datermlne  ml,  983t.  0m 
Hun,  Moon,  the  sevarai  PUmU,  Pimm*- 
loid*^  ComtU, 

W. 

Warming  buildinga.  1385,  1409.  1517. 

Water,  8olidificalion,143l ;  liquid  below 399, 
1443 :  pressure,  temperature,  and  density 
of  the  vapour  of,  1493;  vapoar  prodaoed 
from,  at  all  temperatures,  1493;  oittcbani' 
cal  force  of  vapour  of,  1494;  tcmperaturSi 
volume,  and  density  of  vapour  of,  corre. 
sponding  to  atmospberic  ycsaurea.  ik. ;  la* 
tent  heat  of  vapour  of,  1509;  a  condnctor 
of  electricity,  1730;  compoaition  of;  3057; 
electrolysisof.9056:uliiniaie  attrnMafcom* 
pound,  39;  divisible,  30;  eompressibiliiy 
of,  proved,  06 ;  niactainea  for  raiainf ,  7€7. 

Water-spouU,  9330. 

Wavea.    Bee  Stund,  UndmUtiom. 

Wedge,  477;  two  inclined  planes,  485; 
theory  of,  practically  applicable,  487; 
power  applied  to,  uaually  percussion,  488; 
practical  use  of,  489 ;  practical  exampkak 
490;  cutting  and  picfcing  ioatrumeats, 
ih.;  utility  of  friction  to^  401. 

Weight,of  bodies  proportional  to  quantities 
of  matter.  337;  of  body  aggregate  of  its 
molecules.  963;  defined,  391 ;  moment  oT, 
defined,  409;  atomic,  1439;  of  esunh^ 
2394. 

Welding,  137. 

Wheaistone's  galvanic  vyslem,  187L 

Wheel  and  aile,  444. 

Wheel- work,  444. 

Whirling-table,  to  illustrate  ceaCriliifUl 
force,  316. 

Whispering-galleries,  883. 

White's  pulley,  474. 

Wind,  193;  effect  of,  on  sniUnf  vessela,  170, 
179. 

Winds,  9935. 

Windlass,  447. 

Wine- coolers.  1534. 

Wire.  niicrometric,38;  used  in  eoibioidery, 
44,45;  Wollaston's,  38. 

Wires,  electric.  1909. 

Wollaston*s  wire.  38;  gehranie  comtdna- 
tion,  18U0,  1884;  thimble  battery,  9136. 

Wood,  buoyancy  of,  83;  poroaity  of,  63; 
coinpressiun  of,  99. 

World,  same  quantity  of  Biotion  in,  ex- 
plained, 931. 


Tear,  meai\  temperature  of,  8166 ;  equinoo- 
tial  and  sidereal,  3377. 


Zambonl's  galvanic  pile,  1898. 
Zenith,  9.131, 3341 ;  distance,  8345. 
Zero  of  thermometric  scale,  1339. 
Zodiac,  3434,  3636 ;  signs  of,  9435. 
Zone,  isothermal,  9170,  «(  sag. 


THE     END. 
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CAMPBELL'S    LORD-CHANCELLORS.    Now  Eaitlos.    (Jiut laaoad.) 

LIVES  OF  THE  LORD  CHANCELLORS 

KEBPBRS  OF  THE  QBEAT  SEAL  OF  ENGLAND. 

FROM  THE  lABLIKST  TIMK8  TO  THB  REIGN  OF  UNG  GEORGE  IT. 

BY  LORD  CHIEF-JUSTICB  CAMPBELL,  A.M.,  F.R.S.B. 

Second  American,  from  the  Third  London  Edition. 

Complete  in  seven  handsome  orown  8vo.  Tolomes,  extra  cloth,  or  half  moroooo 

This  has  been  reprinted  firom  the  author's  most  recent  edition,  and  embraost 
his  extensiTe  modifications  and  additions.  It  will  therefore  be  found  eminently 
worthy  a  continuance  of  the  great  favor  with  which  it  has  hitherto  been  received. 

Of  the  solid  merit  of  the  work  our  Judnnent  mar  be  gathered  flrom  what  has  already 
been  sakL  We  will  add  that,  ftom  its  infinite  tand  of  anecdote,  and  happy  variety  of  style, 
the  took  addrenes  itself  with  equal  claims  to  the  mere  general  reader,  as  to  the  legal  or 
historical  inquirer;  and  while  we  avoid  the  stereotyped  commonplace  of  afllrmlng  that  no 
library  can  be  complete  without  it,  we  feel  constrained  to  afibrd  it  a  higher  tribute  by  pro* 
noundng  it  entitled  to  a  distinguished  place  on  the  shelves  of  every  scholar  who  is  ibrtunate 
enough  to  ponsess  it. — J^ater*s  Magruint. 

A  work  which  will  take  its  place  in  our  libraries  as  one  of  the  most  brilliant  and  valuable 
contributions  to  the  literature  of  the  present  day. — Attuneewn. 

BY  THE  SAME  AUTHOR— TO  MATCH  —  (Now  Beady). 

LIVES  OFTHE  CHIEF-JUSTICES  OF  ENGLAND, 

From  tlie  VomaiL  Conquest  to  the  Death  of  Lord  Tenterden. 

aBCOND  xfirrioir. 
In  three  very  neat  Tols.,  orown  8vo.,  extra  cloth,  or  half  morocoo. 
To  match  the  "  Lives  of  the  Chaneellors"  of  the  same  author. 
Also,  now  ready,  and  for  sale  separate,  to  complete  seta — 
VOL.  IIL,  CONTAINING  THB   LIVES    OF   LORDS   KENYON,  ELLEN- 
BOROUGH,  AND  TENTERDEN.    Crown  8vo.,  various  styles  of  binding,  to 
match  seks. 

MEMOIRS  OF  THE  LIFE  OF  WILLIAM  WIRT.  — By  Johw  P.  Kekeedt, 
Esq.  In  two  handsome  royal  12mo.  volumes,  extra  cloth,  with  a  Portrait. 
Also,  a  handsome  Library  Edition,  in  two  octavo  volumes. 

GRAHAM'S  HISTORY  OF  THE  UNITED  STATES;  From  the  Fodndixg 
or  THE  British  Colories  till  their  Assumptior  of  Independence.  —  Re- 
vised Edition,  from  the  Author's  MSS.  With  a  Portrait,  and  a  Memoir  by 
Puesident  QuiNor.    In  two  large  and  handsome  octavo  volumes,  extra  doth. 

OUIZOT'B    OLI^B   OBOXWELL. 

HISTORY  OF  OLIVER  CROMWELL  AND  THE  ENGLISH  COMMON- 
^VEALTH,  from  the  Execution  of  Charles  I.  to  the  Death  of  CromwelL  In  two 
large  and  handsome  royal  12mo.  volumes,  extra  doth. 


BTTSSELL'S    LIFE    OF    FOX. 

MEMORIALS   AND    CORRESPONDENCE    OF   CHARLES   JAJIBS   FOX. 
Edited  by  Lord  Jodn  Rlssell.     In  ttvo  handsome  royal  12mo.  volumes,  doth. 


2  BLANCnAUD  Jk  LEA'S  PUBLICATIONS.— (J/i»cf/4%fiicoB».> 

THE  ENCYCLOPytDIA  AMERICANA: 

A  POPULAR  DICTIONARY  OF  ARTS,  SCIENCES,  LITERATURE,  HIS- 
TORY,  POLITICS,  AND  BIOGRAPHY.  In  fourteen  large  octavo  volnm^j 
of  over  600  double-columned  pages  eac^  Por  sale  very  low,  in  varioos  styles 
of  binding. 

MURRAY'S  ENCYCLOpTdIA  OF  GEOGRAPHY, 

THE  ENCYCLOPAEDIA  OF  GEOGRAPHY,  comprising  a  Complete  Dc«<7iptioo 
of  the  Earth,  Physical,  Statistical,  Civil,  and  Political ;  exhibiting  its  Relation 
to  the  Heavenly  Bodies,  its  Physical  Structure,  the  Natural  History  of  each 

^  ('Ountry,  and  the  Industry,  Cummereo,  Politioal  Institutions,  and  Civil  and 
Sociul  State  of  nil  Nations.  Revised,  with  Additions,  by  Tbomab  G.  Brad- 
ford.    In  three  large  octavo  volumes,  various  styles  of  binding. 

YOUATT  AND  SKINNER  ON  THE  HORSE. 

THE  HORSE.— By  Willtah  Youatt.  A  New  Edition,  with  numerous  Illustra- 
tions. Together  with  a  General  History  of  the  Horse;  a  Dissertation  on  the 
American  Trotting  Horse;  how  Trained  and  Jockeyed;  an  Account  of  his  Re- 
markable  Performances;  and  an  Essay  on  the  Ass  and  the  Mole.  By  J.  S. 
Skinner,  Assistant  Postmaster-General,  and  Editor  of  the  Turf  Register.  In 
one  handsome  octavo  volume,  extra  cloth. 

YOUATT  AND  LEWIS  ON  THE  DOG, 

THE  DOG.  By  William  Youatt.  Edited  by  E.  J.  Lswis,  M.D.  With  nu- 
merous and  beautiful  Illustrations.  In  one  very  handsome  volume,  crown  8to., 
crimson  cloth,  gilt. 

THE  YOUNG  MILLWRIGHT  AND  MILLER'S  GUIDE.  By  Oliteb  Etavb. 
With  Additions  and  Corrections  by  Thomas  P.  Johbb;  and  a  Description  of  an 
Improved  Merchant  Flour-Mill,  by  C.  and  0.  Evans.  With  twenty-«ight 
Plates.    Fourteenth  Edition.    In  one  neat  Oetaro  Tolume,  leather. 


ACTON'S  MODERN  COOKERY,  in  all  its  Branches,  bisusbd  to  a  Ststxm 
OF  East  Practice.  Edited  by  Mrs.  S.  J.  Hale.  In  one  neat  royal  I2mo. 
volume,  extra  cloth,  with  numerous  Hlustratlons. 

NARRATIVE  OF  THE  UNITED  STATES'  EXPEDITION 
TO   THE  DEAD   SEA  AND    BWEB  JOBDAV. 

BY  W.  P.  LYNCH,  U.  8.  N.  (Commandbe  of  the  BxPBi>moH). 

In  one  very  large  and  handsome  octavo  volume,  with  twenty-eight  boantifttl 
Plates,  and  two  Maps. 

Th!f»  book,  so  lonjr  snd  anxiously  expected,  fully  sustains  the  hopes  of  the  meet  sanguiiM 
and  fliMldious.  It  is  truly  a  magnificent  trork.  The  type,  paper,  binding,  style,  and  exeen 
Hon.  are  all  of  the  host  and  hlj^faeiit  character,  as  am  also  the  maps  and  ongravingt.  It  will 
do  more  to  elevate  the  character  of  our  national  literature  than  any  work  that  has  apneand 
for  yoars.  The  intrinsic  interest  of  the  sul^ect  will  give  it  popularity  and  immortality  at 
onco.  It  must  be  read  to  be  appreciated :  and  it  will  be  read  extensively,  and  valued,  both 
in  this  and  other  countries.— Xody'c  Book, 

Also,  to  be  had —  , 

CONDENSED  EDITION,  one  neat  royal  12mo.  volnme,  extra  oloth,  wifli  a  Hiqp. 

NIEBITHB'S  ANCIEHT  HISTOBT. 

LECTURES  ON  ANCIENT  HISTORY;  from  the  Barlibbt  Tikes  to  thr 
Taking  of  Alexandria  bt  Octatiahub.  Comprising  the  History  of  the 
Asiatic  Nations,  the  Egyptians,  Greeks,  Macedonians,  and  Carthageniana.  By 
B.  G.  NiEBUHR.  Translated  from  the  German  Edition  of  Dr.  MARcrs  NissrHR, 
by  Dr.  Leonhard  Schvitk;  with  Additions  and  Corrections  from  his  own  MS. 
Notes.     In  tSirce  handsome  crown  octavo  yolamcs,  extra  cloth. 
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NEW   AND   IMPROVED   EDITION. 

LIVES  OF  THE  QUEENS  OF  ENGLAND, 

JROM  THE  NORMAN  CONQUEST.     With  Anecdotes   of  thbir  Coubti. 

Now  first  published  from  Official  Records,  and  other  Authentic  Document, 
Private  as  well  as  Public.  New  Edition,  with  Additions  «nd  Corrections.  By 
Agxes  Strickland.  In  six  volumes,  crown  octavo,  extra  crimson  cloth,  or 
half  morocco,  printed  on  fine  paper  and  largo  type.  Copies  of  the  Duodecimo 
Edition,  in  twelve  volumes,  may  still  be  had. 

A  valuable  oontribution  to  blfitorical  knowledge,  to  young  por«ons  e^ecinlly.  It  oontainn 
a  tanss  of  every  kind  of  historical  matter  of  intorcat,  >rhiuh  industry  and  resource  could 
eolleet.    We  have  derived  much  entertainment  and  instruction  from  the  -wotM..— At henceum. 

The  ezecation  of  this  work  Is  equal  to  the  oonoeptlon.  Qreat  pains  have  been  taken  to 
Bake  it  both  interesting  and  valuable.— Ztteronr  GaeeUe. 

A  charming  work— ftill  of  Interest,  at  onoe  serious  and  pleasing.— Jfonstao-  Ouiul, 

TO   BH   HAD   8BPABATB. 

LIVES  OF  THE  QUEENS  OP  HENRY  VIII.,  nnd  of  his  mother,  Eliiabeth 

of  Tork.     By  Miss  Strickland.     Complete  in  ono  handsome  crown  octavo 

Tolnme,  extra  cloth.     (Just  Issued.) 
HEMOIRS  OF  ELIZABETH,  Second  Queen  Regnant  of  England  and  Ireland. 

By  Miss  Strickland.    Complete  in  one  handsome  crown  octavo  volume,  extra 

cloth.     (Just  Issued.) 

nrrRODucTORT  yoLtrvB  to  Strickland's  qusxns.    (Just  Israed.) 
tlVES    OF    THE    QUEENS    OF    ENGLAND    BEFORE    THE    NORMAN 

CONQUEST.    By  Mrs.  M.  Hall,    In  ono  handsome  crown  8to«  Tolom^ 

various  styles  of  binding. 

This  work,  which  may  be  regarded  as  a  necessary  iDtroduetion  to  Miss  Strick- 
land's charming  volnmes,  is  printed  in  uniform  style,  and  eon  be  had  in  bindings 
to  match. 


GRAHAM'S  INORGANIC  CHEMISTRY.    (Now  complete.) 

ELEMENTS  OF  INORGANIC  CHEMISTRY,  including  the  Applications 
of  the  Science  in  the  Arts.  By  Thohas  Graham,  F.  R.  S.,  Ae.  New  and 
mnch  enlarged  Edition,  by  Henrt  Watts  and  Robert  Bridoes,  M.  D.  With 
225  Engravings  on  Wood.  Complete  in  one  large  octavo  volume,  of  over  800 
large  pages.    Price,  $4.00  in  extra  cloth. 

Part  II.,  completing  the  work,  from  page  431  to  the  end,  with  Index,  Title- 
matter,  Ac,  may  be  hod  separate,  cloth  back  and  paper  sides.    Price,  $2.50. 

The  long  delay  which  has  occurred  since  the  appearance  of  the  first  portions 
of  this  Work  has  rendered  necessary  an  Appendix  embodying  the  investigations 
and  discoveries  of  the  last  few  years  in  the  subjects  contained  in  Part  I.  This 
occupies  a  large  portion  of  Part  II.,  and  will  be  found  to  present  a  complete  ab- 
stract  of  the  most  advanced  position  of  the  general  principles  of  the  science,  as 
well  as  all  details  necessary  to  bring  the  whole  work  thoroughly  up  to  the  present 
time,  in  all  departments  of  inorganic  chemistry.  The  great  reputation  which  the 
work  has  everywhere  obtained  —  in  England,  on  the  Continent,  and  in  this 
country  —  both  as  a  text-book  for  the  student,  and  as  a  work  for. daily  reference 
by  the  practical  chemist,  will,  it  is  hoped,  be  fully  maintained  by  the  present 
enlarged  and  improved  edition. 

Gentlemen  desirous  of  procuring  Part  II.,  to  complete  their  copies,  arc  re- 
qnested  to  make  application  for  it  without  delay. 

ABEL  AND  BLOXAH'S  CHEHISTBT. 

A  HAND-BOOK  OF  CHEMISTRY,  THEORETICAL,  PRACTICAL,  AND 
TECHNICAL.  By  P.  A.  Abel  and  C.  L.  Bloxak.  In  one  large  and  hand- 
some octavo  volume,  of  over  650  pages,  with  numerous  Hlustrations.    $8.25. 


DE    LA    BEOHES    GEOLOQY. 

THE  GEOLOGICAL  OBSERVER.  By  Sir  Henry  T.  Db  la  Bbchk,  F.R.8.,  Ac 

In  one  large  and  handsome  octavo  volume,  with  over  300  IlluEtratlont.   $4.00. 
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Lately  PabHthed, 

PRINCIPLES  OF  COMPARATIYE  PHYSIOLOGY. 

BY  W.  B.  CAKPBNTBR,  M.D.,  F.ILS.,  eto. 
A  new  American,  from  the  fourth  and  rerised  London  edition.    In  one  luge  and 

handsome  octavo  volame  of  750  pages,  with  309  beautiful  illustrations.  $4.$0. 

The  present  edition  of  this  work  will  be  found  in  every  way  worthy  of  its  high 
reputation  as  the  standard  text-book  on  this  subject.  Thoroughly  revised  and 
brought  up  by  the  author  to  the  latest  date  of  scientific  investigation,  and  iUus« 
trated  with  a  profusion  of  new  and  beautiful  engravings,  it  has  been  printed  in 
the  most  careful  manner,  and  forms  a  volume  which  should  be  in  the  possession 
of  every  student  of  natural  history. 

BT  TBB  BAVB  AUTHOR.    (Kow  Ready.) 
THE  MICROSCOPE  AND  ITS  REVELATIONS.     With  an  Appendix  eon- 

taining  the  AppUoatlons  of  the  Microsoope  to  Clinical  Medidne,  etc    By  P. 

G.  Smith,  M.D.    Illustrated  by  434  beautiful  engravings  on  wood.    In  one 

large  and  vei-y  handsome  octavo  volume  of  724  pages;  extra  doth,  $4^00, 

leather,  $4.50. 

Dr.  Carpenter's  position  A  a  mim-osoopist  and  physiologist^  and  his  great  exp^ 
rience  as  a  teacher,  eminently  qualify  him  to  produce  what  has  long  been  wanted 
— a  good  text-book  on  the  practical  nse  of  the  microscope.  In  the  present  volume, 
his  object  has  been,  as  stated  in  his  Preface,  "to  combine,  within  a  moderate 
compass,  that  information  with  regard  to  the  use  of  his  'tools,'  which  is  most 
essential  to  the  working  microscopist,  with  such  an  account  of  the  objects  best 
fitted  for  his  study,  as  might  qualify-hitai  to  comprehend  what  he  observes,  and 
might  thus  prepare  him  to  benefit  science,  whilst  expanding  and  refreshing  hie 
own  mind."  That  he  has  succeeded  in  aeoomplilhing  this,  no  one  aequainted 
with  his  previous  labors  can  doubt. 

BT  TBI   8AVB  ADTHOS.      (Just  issncd.) 

ON  THE  USE  AND  ABUSE  OP  ALCOHOLIC  LIQUORS  IN  HEALTH 
AND  DISEASE.    In  one  neat  royal  13mo.  volume,  extra  cloth.    50  ets. 

BUSHNAN'S   POPUJLAR   PHYSIOLOGY. 

THE  PRINCIPLES  OP  ANIMAL  AND  VEQETABLB  PHYSIOLOGY. 
By  J.  Stbtbnboii  Bushhah,  M.D.  In  one  handsome  royal  12mo.  volume,  with 
over  100  Illustrations. 


OWES  OH  THE  SKELETOK  AHD  TEETH.    (Now  ready.) 
THE  PRINCIPAL  FORMS  OP  THE  SKELETON  AND  OP  THE  TEETH. 
By  Propbssor  R.  Owxn,  author  of  "  Comparative  Anatomy,"  Ac.     In  one 
handsome  royal  12mo  volume,  extra  cloth,  with  numerous  Hlnstrations.    $  1.25. 

PRINCIPLES  OF  PHYSICS  AND  METEOROLOGY. 

By  Profbssor  J.  MilLLsn.  Revised,  and  illustrated  with  over  500  Engravinge 
on  wood,  and  two  handsome  colored  Plates.  In  one  large  and  beautlfiU  octavo 
volume  of  nearly  650  pages.    $3.50. 

PRINCIPLES   OF   THE   MECHANICS 

OF  MACHINERY  AND  ENGINEERING.  By  Profbbsor  Julius  WsrsBAcn. 
Translated  and  edited  by  Professor  Gordon.  Edited,  with  American  addi- 
tions, by  Profbssor  Walter  R.  Johnson.  In  two  very  handsome  octavo 
volumes,  of  nearly  000  pnges,  with  about  900  superb  IllnstraUons.    $6.50. 

CHEMICAL  TEGHXOLOGY ; 

Or,  chemistry  APPLIED  TO  THE  ARTS  AND  TO  MANUFACTURES. 
By  Dr.  F.  Knapp.  Edited,  with  numerous  Notes  and  Additions,  by  Dr.  Ed- 
MUND  Ronalds  and  Dr.  Thomas  Richardson.  With  American  Additions,  by 
Prop.  Walter  R.  Johnson.  In  two  handsome  octavo  volumes,  of  about  1000 
pages,  with  nearly  500  splendid  II lustrs lions.     $6.00. 
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Now  Couplets. 

HANDBOOKS  OF  NATURAL  PHILOSOPHY  AND  ASTRONOMY. 

BY  DION YSl  US  LAKDNEtt,  D.C.L,, 
formerly  l^rofofwor  of  Natural  Pbilosopliy  and  ABlronouy  io  Unlrenity  CoUego,  Lo&dun. 

This  valnaUo  Series  ia  dow  complete,  conbistiag  of  three  Courecs,  m  follows : — 
FIRST    COURSE, 

MECHANICS,  HYDROSTATICS.  HYDRAULICS.  PNEUMATICS.  SOUND.  &,  OPTICS. 

In  one  Urge  royal  12mo.  rolxiine,  of  7^0  pages,  with  424  IllustratioDa.     $1.70. 
SECOND    COURSE, 

HEAT.  MAGNETISM,  COMMON  ELECTRICITY.  AND  VOLTAIC  ELECTRICITY. 

In  one  royal  12mo.  volume,  of  450  pagos.  with  244  Illustrations.     $1.25. 
THIRD     COURSE, 

ASTRONOMY   AND    MKTKOROLOGY. 
Id  one  very  large  royal  I2mo.  volume,  of  nearly  800  pages,  with  d7  Plates,  and 
over  SOO  lUnstrations.     $2.00. 
These  Tolumet  ean  be  had  either  separately  or  in  uniform  sets,  containing,  about 
2C0O  pages,  and  nearly  1000  Illnstrations  on  steel  and  wood. 

To  accommodate  those  who  desire  separate  treatises  on  the  leading  departmentt 
of  Natoral  Philosuphy,  the  First  Coarse  may  also  be  had,  di\-idcd  in  three  por- 
tions, vis : 

Pari  I.  Mechasics. —  Part  II.  IItdrostatics,  IIvdraulics,  Pneumatics, 
and  SouxD.  —  Part  III.  Oitics. 

It  will  thus  be  seen  that  ibis  work  furnifhos  either  a  complete  course  of  instruc- 
tion on  these  subjects,  or  separate  treatises  on  all  the  different  branches  of  Physical 
Science.  The  object  of  the  author  has  been  to  prepare  a  work  suited  equally  for 
the  collegiate,  academical,  and  private  student,  who  may  desire  to  acquaint  him- 
■elf  with  the  present  state  of  soienee,  in  its  most  advanced  oondition,  without  par« 
■nlng  it  through  its  mathematical  consequences  and  details.  Great  industry  has 
been  manifested  throughout  the  work  to  elucidate  the  principles  advanced  by  ibeir 
practical  applications  to  the  wants  and  purposes  of  civilised  life,  a  task  to  which 
br.  iLardners  immense  and  varied  knowledge,  and  bis  singular  felicity  and  clear- 
ness  of  illustration  render  him  admirably  fitted.  This  peculiarity  of  the  work 
recommends  it  especially  as  the  text-book  for  a  practical  age  and  country  such  as 
ours,  as  it  interests  the  student's  mind,  by  showing  him  the  utility  of  his  studies, 
while  it  directs  his  attention  to  the  further  extension  of  that  utility  by  the  fulness 
of  its  examples.  Ite  extensive  adoption  in  many  of  oar  most  disUngutsbed  col- 
leges and  seuiinaries  is  suflScient  proof  of  the  skill  with  which  the  author's  inteo  • 
tions  have  been  earned  out 


BIRD'S   NATURAL   PHILOSOPHY. 

ELEMENTS  OP  NATURAL  PHILOSOPHY  j  beiko  an  Experimental  Intro- 
prCTiON  TO  TF!R  PnTSiCAL  SCIENCES.  Illustrated  with  over  300  wood-cute.  By 
GoT.Diso  Bird,  M.D.,  Assistant  Physician  to  Guy's  Hospital.  From  the  Third 
London  edition.     In  one  neat  volume,  royal  12mo.    $1.25. 

We  are  a8toTii!«hf'<l  t^.  fT'.d  that  there  is  room  in  so  Hroall  a  book  for  oren  the  bare  recital 
of  BO  many  pubjectu.  V  .ir»ro  OTery thing  is  treated  snodnrtly,  great  judfcment  and  miicli 
tiote  are  needed  in  mnki./  a  solection  and  winnowing  the  wheat  fh>m  tbe  chaff.  Dr.  Bird 
hfv>  uo  need  to  pload  tho  ]><••  rilinrlty  of  bin  position  as  a  8hiold  against  critlriiim,  no  long  as 
bis  book  ountinucs  to  bv  the  bi>ht  epitome  in  tbo  Lngliih  language  of  this  wide  range  of 
phyMijnl  suV'joct.'J. — Xorlh  AiTtfTi'cun  Jicviac  ^ 

For  tbose  de-firing  as  cxtin.-Jvc  a  work,  I  think  it  dc^«lly  niiporior  to  anything  of  th< 
kind  with  which  1  am  acquaiut«'J. — rrof.  Jofin  JohnstoHf  ir<jr/<.-yan  Vniv.,  Middleiv^n^  <X 

ABKOT'S  ELEMEHTS  OF  FHT8IC8. 

ELEMENTS  OF  PHYSICS;  or,  Natural  PniLosoinr,  General  and  Medical 
written  f>r  Universal  Use  in  Plain  or  Non-toobnicnl  Lan^ruage.  By  Nen 
\rnot,  M.I>.     In  one  octavo  volume,  with  about  200  Illuj»tr.itloii.«.     $2.50. 
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A    COMPLETE    COURSE    OF    NATURAL    SCIENCE.    (Jost inaad.) 

THE   BOOK   OF   NATURE. 

An  Elementary  Introdaction  to  the  Soiences  of  Physics,  Astronomy,  Chemistry, 
Mineralogy,  Geology,  Botany,  Zoology,  and  Physiology.  By  Frbdrbick 
ScHanLBB,  Ph.  D.,  Professor  of  the  Natural  Sciences  at  Worms.  First  Ame- 
rioan  Edition,  with  a  Glossary,  and  oiher  additions  and  improTements.  From 
the  Seoond  English  Edition,  translated  from  the  Sixth  German  Edition,  by 
JIcirnT  Mbdlock,  F.C.S.,  Ac.  ninstrated  by  679  Engravings  on  wood.  In  one 
handsome  rolame,  orown  ootavo,  of  about  700  large  pages,  extra  cloth.     $1.80. 


As  a  work  Ibr  popular  instmetlon  in  Hm  Natural  and  Physical  Sdeoors,  it  oertalnly  la 
inrlvalled,  so  Ikr  as  my  knowledge  extends.  It  admiraUr  oomUnoe  perspicuity  with  bro- 
Tity;  while  an  excellent  Judgmefat  and  a  rare  discrimination  are  manifest  in  the  seleetkm 


and  armngement  of  topics,  as  well  as  in  the  description  of  olgeets,  the  illustration  of  phe- 
nomena, and  the  statement  of  principles.  A  more  careftil  perusal  of  those  departments  of 
the  work  to  which  my  studies  have  Men  particularly  directed,  has  been  abundantly  snflB- 
dent  to  satisfy  me  of  its  entire  reliableness— that  the  ol^eet  of  the  author  was  not  so  much 
to  amiue  as  really  to  tiwfrMd.— Ax/.  AUtn,  OberUn  hulUuU,  OUo. 

I  do  not  know  of  another  book  In  whlefa  so  mneh  that  is  important  on  these  suli$eets  eaa 
be  found  in  the  same  spaoe.->/V^.  JokntUm,  Wtdeffctn  VmvotnUf,  Cam. 

Though  a  rery  oompiehenslTe  book,  it  contains  about  as  mudi  of  the  details  of  natural 
science'  ss  general  students  in  this  country  hare  time  to  study  in  a  regular  academical 
course;  and  I  am  so  well  pleased  with  it  that  I  shall  recommend  its  use  as  a  text-book  in 
this  insUtution.— IT  B.  A&tny  Pruidad  of  Girard  CbUcpr,  Phaaddfkia. 

I  am  delighted  with  Dr.  Sbhcedler's  <*Book  of  Nature;"  its  tone  of  healthful  piety  and 
reyerenoe  for  God's  word  add  a  charm  to  the  learning  and  deep  research  which  the  rolunie 
CTery  where  manitots.— Ph/.  J.  A.  spencer,  N.  Y, 

BROWNE'S    CLASSICAL    LITERATURE. 

Second  and  improved  Edition.    (Now  ready.) 

A  HISTORY  OF  GREEK    CLASSICAL  LITERATURE. 

BY  THE  REV.  R.  W.  BROWNE,  M.A., 

Professor  of  Classical  Literature  in  King's  College,  London. 

In  one  yery  handsome  orown  octavo  volume.    $1.50. 


By  the  game  Author,  to  match,  (now  ready,) 

A  HISTORY  OF  ROMAN  CLASSICAL  LITERATURE. 

In  one  very  handsome  crown  octavo  volume.    $1.50. 

These  two  volumes  form  a  complete  Course  of  Classical  Literature,  designee 
either  for  private  reading  or  for  collegiate  text-books.  Presenting,  in  a  moderate 
compass  and  agreeable  style,  the  results  of  the  most  recent  investigations  of 
English  and  continental  scholars,  it  gives,  in  a  succession  of  literary  biographies 
and  criticisms,  a  body  of  information  necessary  to  all  educated  persons,  and  which 
connot  elsewhere  be  found  in  so  condensed  and  attractive  a  shape. 

I  am  very  favourably  impressed  with  the  work,  from  what  I  have  seen  of  it,  and  hope  to 
find  in  it  an  important  help  fbr  my  class  of  history.  Such  a  work  is  very  much  needed.-^ 
Pt-of,  GeuMT  HarriMon,  Unicenity  of  Virginia. 

Mr.  Browne's  present  publication  hss  forest  merit  Ills  selection  of  materials  is  Judtrioufity 
sd'iptMl  to  tho  purpose  of  eonye7|teg,  within  a  moderate  compass,  wme  definite  idea  of  the 
IvadinK  charaCMristics  of  the  great  classical  authors  and  their  works.  •••*••• 
Mr.  Browne  has  the  happy  art  of  convfylng  information  in  a  mont  agreeable  manner.  It  is 
ImpoMiUe  to  miss  bis  meaning,  or  be  insonxiblo  to  the  charms  of  his  polished  stjle.  Suflire 
it  to  say  that  he  has,  in  a  vviy  readable  volume,  presented  much  that  is  umAiI  to  the  ela»* 
steal  reader.  Be«idcs  biof^raphical  Information  in  reference  to  all  the  Classical  Greek  au- 
thors, he  has  fumiahed  critical  remarks  on  their  intollertual  peculiarities,  and  an  analysis 
•f  their  works  when  they  are  of  soffli'lent  importance  to  deoerye  M.—1/mdim  AOwnoum. 
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Hew  and  muoli  improTed  Edition*— (Lately  lamed.) 

PHYSICAL     GEOGRAPHY. 

BY  MARY  SOMERVILLE. 
A  new  American,  from  the  third  and  revised  London  edition. 

WITH  MOTSS   AND   A   0L08SART, 

BY  W.  S.  W.  RUSCHKNBERaBR,  M.D.,  U.  B.  Navt. 

In  one  large  royal  12mo.  Tolome,  of  nearly  liz  hundred  pagei.  91.25. 
Eulogy  18  anneceMary  with  regard  to  a  work  like  the  present  whioh  has  passed 
dirovgh  three  editions,  on  each  side  of  the  Atlantic,  within  the  space  of  a  few 
years.  The  publishers  therefore  only  consider  it  necessary  to  state  that  the  last 
London  edition  received  a  thorough  revision  at  the  hands  of  the  author,  who  in^ 
trodnced  whatever  improvements  and  corrections  the  advance  of  science  rendered 
desirable ;  and  that  the  present  issue,  in  addition  to  this,  has  had  a  carefnl  ezamt- 
.  nation  on  the  part  of  the  editor,  to  adapt  it  more  especially  to  this  country.  Great 
Mre  has  been  exercised  in  both  the  text  and  the  glossary  to  obtain  the  accuracy 
BO  essential  to  a  work  of  this  nature;  and  in  its  present  improved  and  enlarged 
state,  with  no  corresponding  increase  of  price,  it  is  confidently  presented  as  in 
every  way  worthy  of  a  continuation  of  the  striking  favor  with  which  it  has  been 
everywhere  received. 

BUTLER'S  ANCIENT  ATLAS. 

AN  ATLAS  OF  ANCIENT  GEOGRAPHY.  By  Bamuel  Butlbr,  D.D.,  laU 
Lord  Bishop  of  Litehfleld.  In  one  handsome  octavo  volume,  containing  twenty- 
one  eoloorod  quarto  Maps,  and  an  aooentnated  Index.   $1.50. 


TEXT-BOOK  OF  SCRIPTURE  GEOGRAPHY  AND  HISTORY.    (Junt  Issued.) 


OUTLINES  OF  SCRIPTURE  GEOGRAPHY  AND  HISTORY; 

Slnstratlng  the  Hiatorieal  Pojtioiia  of  the  Old  and  New  Teatamenta. 

BSSIGMSD  FOR  THE  USE  OV  SCHOOLS  AND  PRITATE  READING. 

BT  EDWARD  HUGHES,  F.R.A.d.,  F.G.S., 
Head  Master  of  the  Royal  Naval  Lower  School,  Greenwich,  Ac. 

BA8KD    tTPON    COLXVAN'B    HISTORICAL    GSOGRAPHT    OV    THB    BIBLK. 

With  twelve  lia&dsome  ooloured  Xapa. 
In  one  very  neat  royal  12uio.  volume,  extra  cloth.    $1.00. 

The  intimate  connection  of  Sacred  History  with  the  greography  and  physio  ■ 
features  of  the  various  lands  occupied  by  the  Israelites,  renders  a  work  like  tl  i 
present  an  almost  necessary  companion  to  all  who  desire  to  read  the  Scriptan  i 
understandingly.  To  the  young,  especially,  a  clear  and  connected  narrative  of 
the  events  recorded  in  the  Bible,  is  exceedingly  desirable,  particularly  when 
illustrated,  as  in  the  present  volume,  with  succinct  but  copious  acconnte  of  the 
neighboring  nations,  and  of  the  topography  and  political  divisions  of  the  countries 
mentioned,  coupled  with  the  results  of  the  latest  investigations,  by  which  Messrs. 
Layard,  Lynch,  Olin,  Durbin,  'Wilson,  Stephens,  and  others,  have  succeeded  in 
throwing  light  on  so  many  obscure  portions  of  the  Scriptures,  verifying  its  accu- 
racy in  minute  particulars.  Few  more  interesting  class-books  could  therefore  be 
found  for  schools  whore  the  Bible  forms  a  part  of  education,  and  none,  perhaps, 
more  likely  to  prove  of  permanent  benefit  to  the  scholar.  The  influence  which 
the  physical  geography,  climate,  and  productions  of  Palestine  had  upon  the  Jewish 
people  will  be  found  fully  set  forth,  while  the  numerous  maps  propent  the  various 
regions  connected  wilh  the  subject  at  tlieir  mo«t  prominent  periods. 


BLAKGHikRD  A  LBA'S  VVBLlCATlO^S,^(EdHcationtth) 


Kow  Boadj. 

A  MANUAL   OF  ANCIENT   GEOGRAPHY. 

BY  LEONHAED  SCHMITZ,  Ph.  D. 

Kector  of  ih»  H^h  Sohoid,  Kdlntarrb,  Ae. 

^iUi  a  Xap  by  Oenonl  Kontelth,  ihowlng  the  Betreat  of  tlie  Ten  Thoosand, 

V  In  one  neat  royal  12mo.  yoliime,  of  about  300  pagei.     $1.00. 

The  object  of  the  author  has  been  to  prepare  a  manual  for  the  Btodenfc,  whiefar 
within  oooTenient  limits,  shall  present  a  clear  and  complete  oatline  of  the  geo^aphjr 
of  the  Ancient  World.  The  recent  investigations,  both  of  critics  and  tniTellers, 
have  opened  new  sources  of  information  and  corrected  numerous  errors,  rendering 
oomparatively  useless  many  of  the  older  authorities.  On  all  these  pointa  fall 
information  will  be  found  in  the  present  Tolume,  which  is,  therefore,  well 
lated  to  supply  a  want  that  has  been  long  folt  and  acknowledged. 


BT  TDB  SAMS  AUTHOR— (Lately  PrBUSHED.) 

A  MANUAL  OF  ANCIENT  HISTORY, 

FROM  THE  REMOTEST  TIMES  TO  THE  OVERTHROW  OF 
THE  WESTERN  EMPIRE,  A.  D.  476. 

BY  Dr.  LEONHARD  SCHMITZ,  F.  R.  S.  B., 

Rector  of  the  High  Sehool,  Edinburgh. 

With  Copiovf  ChroAologloal  Tablei. 

In  one  bandaone  royal  ISmo.  volume  of  four  hundred  and  sixty-six  pagesy 
extra  olotb.    $1  00. 


**  The  history  Is  oonstmeted  with  art,  and 
every  leading  erent  is  surroanded  irith  rach 
aoeeMories  an  will  plaoo  its  importance  clearly 
before  the  mind.  The  difflcnlty,  rarely  OTer- 
come  by  compilers  of  manuals,  Is,  to  present 
a  broad  historical  Tiew  uniformly  over  a  Test 
space  of  time,  and  including  many  nations 
and  systems,  and  to  reconcile  the  introdnction 
of  eharacterinUc  details  with  the  general  pro> 
portions  of  the  narratire.  Dr.  Scbmitz  has 
happily  surmounted  these  hardships  of  his 
task,  and  has  produced  a  full  and  masterly 
surrey  of  ancient  hi«U>ry.  Hin  oianual  is  one 
of  the  best  that  can  be  placed  in  the  student's 
hands." — Athenaeum, 

"  The  work  in  all  that,  and  more  than,  he 
repro«ents  It  lo  be.  We  hov«  cln.«:ply  examined 
#uch  portions  of  the  history  a^  wo  are  best 
arquaintod  witii,  and  have  bef«a  unable  to 
dctert  a  single  error  of  fact.  Tbo  general  ao 
curary  of  the  work,  tben-fore.  seems  to  us 
nniniprachable.  while  the  diction  U  conciw*, 
lucid,  fluent,  and  Tjgorous.  Tin*  cbronolopic«] 
table  appended  is  romprohcn^iro  and  well 
arrNngi<d ;  and  the  miniito  index  added  to  this 
roTuliTH  the  Tolume  one  of  tbo  most  valuable 
hlstorlcnl  workj»  nf  rofiTonre  ever  printcfl.  AVo 
sliall  bo  «u^pri^•o^1  if  it  dors   not   bi't-cme  a 


popular  text-hook  In  our  high  srhools  and 
colleges,  as  well  as  a  ftiTorite  Tolame  with 
intelligent  geneml  readers."^A'.  K  Qtmmer- 
dal  Advertiur, 

jPVvm  Prqf.  J.  T.  Champfin,  WatervOU 
OtOt^t  Maine. 
**  I  bATe  no  hesitation  In  saying  that  it  I« 
by  ikr  the  best  manual  of  Ancient  Hiditofy 
with  which  1  am  acquainted.  The  introdno> 
tion  of  the  history  of  the  noo-daHsical  nations 
is  an  entirely  new  and  important  feature,  and, 
with  the  greater  completeness  of  the  ehroniw 
logical  tables,  and  the  general  excellence  of 
the  whole,  cannot  ftil  to  commend  it  to 
public  fnvor.  I  shall  reoonunend  it  to  my 
cla6.<>eii  with  pleasure." 

lYom  W.  J.  Clarl-e,  Eaq^  Gecrgdawn,  D.  C. 

"  One  of  the  best  componds  of  Ancient  Iluu 
tory  with  which  I  am  familiar.  The  mn*l 
philofiophiral  in  its  arrangement.  It  oombin^-a 
most  ndmfr&bly  the  two  elements  motit  difii- 
rult  to  unite — conciseness  and  fulness.  I 
shall  subetltnte  it  for  the  work  at  pre<:«>nt 
uso<l  in  my  classes,  to  which  I  giro  it  an  im- 
inen5c  i'vcforciice." 
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Now  GOHPLSTB. 

SCHMIT2  AND  ZUMPT'S  CLASSICAL  SERIES. 

Bj  the  completion  of  this  series,  the  clMsical  student  is  now  in  possession  of  m 
thorough  and  uniform  coarse  of  Latin  instruction,  on  a  definite  system.  Besides 
the  advantages  which  these  works  possess  in  their  typographical  accuracy  and 
careful  adaptation  to  educational  purposes,  the  exceedingly  low  price  at  which 
they  are  offered  is  a  powerful  argument  in  favor  of  their  general  introduction,  as 
removing  a  barrier  to  the  general  diffusioD  of  classical  education  in  the  sise  and 
costliness  of  the  text-books  heretofore  in  use. 

The  series  consists  of  the  following  volumes,  clearly  and  handsomely  printed, 
on  good  paper,  in  a  uniform  large  ISmo.  sise,  strongly  and  neatly  bound,  and 
accompanied  with  notes,  historical  and  critical  introductions,  maps,  and  other 
illuatrations. 

BcHMiTi'i  BLVirvirrART  LAmr  Grawar  avd  Exercises,  extra  cloth,  price  $0.50 
Kai.tbchvidt'b  Scbool  Latibt  DiCTioiTART,  in  two  Parts,  Latin-English, 

and  English-Latin,  nearly  900  pages,  strongly  bound  in  leather $1.30 

Part  L,  Latin- English,  about  500  pages,      "  *'  "      .^ 90 

Part  IL,  English-Latin,  nearly  400  pages,  "  "  "      75 

ScBiriTz'B  Advaiccsd  Latiit  ORAiriTAR,  818  pages,  half  bound,      .60 

Advanced  Latin  Exercises,  with  selections  roR  Reading,  extra  cloth,      .50 
CoRNEUi  Nepotis  Libbr  de  Excellbntibus  Ducibus,  Ac,  extra  cloth,      .50 

CiBSARis  DE  Bello  Gallico,  Libri  IV.,  232  pages extra  cloth,      .50 

C.  0.  Sallustii  Catilina  st  Juourtha,  168  pages, extra  cloth,      .50 

Excbrpta  ex  p.  Ovidii  Nasonis  Garhinibus,  246  pages,  ......  extra  cloth,      .60 

Q.  Curtii  Rupi  de  Alexandre  Maoni  Qhm  Supersunt,  826  pp.,  ex.  cloth,      .70 

P.  ViROiLii  Maronib  Carmina,  436  pages, extra  cloth,      .76 

EcLOOJB  EX  Q.  Horatii  Flacci  Poehatibus,  312  pages, extra  cloth,      .60 

T.  Livii  Patavini  Historiaruk  Libri  I.  II.  XXL  XXII.,  350  pp.,  ex.  cloth,      .70 
H.  T.  CiCERONis  Orationes  Sblectjb  XH.,  300  pages,  .........  extra  cloth,      .60 

Also,  uniform  with  the  Series, 
Batbd's  Classical  Manual  op  Ancient  Geographt,  Anti- 

QuiTiEs,  Cbronolooy,  Ac, cxtTR  oloth,      .60 

The  volumes  in  cloth  can  also  be  had,  strongly  half-bound  in  leather,  with  cloth 
sides,  at  an  extra  charge  of  five  cents  per  volume. 

The  very  numerous  recommendations  of  this  series  from  classical  teachers  of  the 
highest  standing,  and  their  adoption  in  many  of  our  best  academies  and  colleges, 
infficiently  manifest  that  the  efforts  of  the  editors  and  publishers  have  not  been 
nnsuccessful  in  supplying  a  course  of  classical  study  suited  to  the  wants  of  the 
age,  and  adapted  to  the  improved  modern  systems  of  education. 

With  your  d&wicRl  Series  I  am  well  acquainted,  and  have  no  hesltancnr  in  recommending 
them  to  all  mj  frionds.  In  addition  to  your  Virgil,  which  we  use,  we  shall  probably  adopt 
other  bookfl  o'f  the  series  as  we  may  have  oooaMon  to  Introduce  ihem.-^  JPrt^.  J.  J,  Oioot, 
JV".  Y.  Pru  Academy. 

I  regard  this  seriea  of  Latin  text-books  as  deddedly  superior  to  any  others  with  which  I 
am  acquainted.  The  Livy  and  Iloraco  I  shall  immediately  introduce  for  the  use  of  the 
oolleffe  daeses.— /Vqf.  A.  BoUintj  Ddavoare  ColUge, 

Having  examined  several  of  them  with  some  defrree  of  eare,  we  have  no  hesitation* In  pT»> 
nouncing  them  among  the  very  best  extant. — Prof.  A.  C.  Knox^  Hanover  OoUege,  Jhdiafui. 

I  can  gire  you  no  better  proof  of  the  value  which  I  set  on  them  than  by  making  use  of 
them  in  my  own  classes,  and  recommending  their  use  In  the  preparatory  department  of  our 
institntlon.  I  have  read  them  through  carefully,  that  I  might  not  speak  of  them  without 
due  examination ;  and  I  flatter  myself  that  my  opinion  is  tally  borne  out  by  fhct,  when  I 
pronounce  them  to  be  the  most  n.«eful  and  the  moat  oorreot,  as  well  as  the  cheapest  editions 
of  Latin  Claofies  ever  introduced  in  this  country.  The  Latin  and  Knglish  Dictionary  eovv 
tains  ns  much  as  the  student  can  want  In  thn  earlier  years  of  his  course;  It  contains  more 
than  I  hare  ever  seen  oompressed  Into  a  book  of  this  kind.  It  ought  to  be  the  student's 
constant  companion  in  his  recltationa.  It  has  the  extraordinary  recommendation  of  being 
at  once  portable  and  oomprehensive.— iVo/.  S.  N.  NemUj  MoMonic  OaXUgt^  Tenn. 

That  invaluable  little  work,  the  Classical  Manual,  has  been  used  by  me  for  some  time.  I 
would  not,  on  any  account,  be  without  it.  You  have  not  perhaps  been  inlbrmed  that  it  has 
recently  been  Introduced  in  the  llicfh  Hchool  of  this  place.  Its  typographical  aoeuracy  if 
temarkable.— ^«|^ina{(i  II.  C7i<ue,  Harvard  UnivtrtUy, 
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Shaw'8  English  Literature—Lately  Pnblislied. 
OUTLINES  OF  ENGLISH  LITERATURE. 

By  Thomas  B.  Bbaw,  Profeesor  of  Englieb  Literature  in  the  Imperial  Alexuidet 
Lyceum,  St  Petersburg,     Second  American  Edition.    With  a  Sketch  of  Ame- 
rioan  Literature,  by  Hbnrt  T.  Tuckbru an,  Esq.    In  one  largo  and  handsome 
volume,  royal  12mo.,  of  about  fire  hundred  pages.    $1.15. 
The  object  of  this  work  is  to  present  to  the  student,  within  a  moderate  compas?, 
ft  dear  and  eonneeted  view  of  the  history  and  productions  of  English  Literature. 
To  accomplish  this,  the  author  has  followed  its  course  from  the  earliest  times  to 
the  present  age,  seising  upon  the  more  prominent  "  Schools  of  Writing,"  tracing 
their  causes  and  effects,  and  selecting  the  more  celebrated  authors  as  subjects  for 
brief  biographical  and  critical  sketches,  analyzing  their  best  works,  and  thus  pre- 
senting to  the  student  a  definite  view  of  the  development  of  the  language  and 
literature,  with  succinct  descriptions  of  those  books  and  men  of  which  no  educated 
person  should  be  ignorant.    He  has  thus  not  only  suppiied  the  acknowledged 
want  of  a  manual  on  this  subject,  but  by  the  liveliness  and  power  of  his  style,  the 
thorough  knowledge  he  displays  of^his  topic,  and' the  variety  of  his  subjects,  he 
has  succeeded  in  producing  a  most  agreeable  reading-book,  which  will  captivate 
the  mind  of  the  scholar,  and  relieve  the  monotony  of  drier  studies. 

Its  merits  I  had  not  now  tot  the  first  time  to  learn.  I  have  used  ft  flnrtwo  yean  as  a  text- 
book, with  the  greatest  satisiaetion.  It  was  a  happy  oonception,  admirably  executed.  It  is 
all  that  a  text-book  on  such  a  snl^eet  can  or  need  be,  comprisisg  a  judidoua  selection  of 
materials,  easilv  yet  effectlrely  wrought  The  author  attempts  just  as  much  »*  he  ought  to, 
and  does  well  all  that  he  attempts;  and  the  best  of  the  book  is  the  genial  spirit,  the  genuine 
lore  of  genius  and  its  wwks  which  thorouf^hly  pervades  it  and  maked  it  just  what  you  want 
to  put  into  a  pupil's  hands.— jFVq/^sssor  J.  V.  Baynumd,  Univenity  t^  Sodutter. 

Of  "  Shaw's  £nfflifih  Literature"  I  can  hardly  say  too  much  in  praise.  I  hope  Its  adoption 
and  use  OS  a  text-book  will  correspond  to  its  great  merits.— i¥i{/:  J.  a  PSdeardf  lU,  CWbyc 

BOLKAS'S  COHFLETE  FBEITCH  SEBIE8. 

Blanchard  and  Lea  now  publish  the  whole  of  Bolmar's  Educational  Works,  forra> 
ing  a  complete  series  for  the  acquisition  of  the  French  language,  as  follows  : 

BOLMAR'S  EDITION  OP  LBVIZAC'8  THEORETICAL  AND  PRACTICAL 
GRAMMAR  OF  THE  FRENCH  LANGUAGE.  With  numerous  Correction! 
and  Improvements,  and  the  addition  of  a  complete  Treatise  on  the  Genders  of 
French  Nouns  and  the  Conjugation  of  the  French  Verbs,  Regular  and  Irregu- 
lar.   Thirty-fifth  edition.    In  one  12mo.  volume,  leather.    $1.00. 

BOLMAR'S  COLLECTION  OF  COLLOQUIAL  PHRASES,  on  every  topie 
necessary  to  maintain  conversation ;  arranged  under  different  heads ;  with  nu- 
merous remarks  on  the  peculiar  pronunciation  and  use  of  various  words.  The 
whole  so  disposed  as  considerably  to  facilitate  the  acquisition  of  a  correct  pro- 
nunciation of  the  French.     In  one  18mo.  volume,  half  bound.    38  ets. 

BOLMAR'S  EDITION  OF  FENBLON'S  AVBNTURES  DB  XELEMAQUE, 
In  one  12mo.  volume,  half  bound.    55  cts. 

BOLMAR'S  KEY  TO  THE  FIRST  EIGHT  BOOKS  OF  TELEMAQUE,  for 
the  literal  and  free  translation  of  French  Into  English.  In  one  12mo.  Volume, 
half  bound.     55  cts. 

BOLMAR'S  SELECTION  OF  ONE  HUNDRED  OF  PERRIN'S  FABLES, 
accompanied  with  a  Key,  containing  the  text  and  a  literal  and  a  free  transla- 
tion, arranged  in  such  a  manner  as  to  point  out  the  difference  between  the 
French  and  the  English  idiom ;  also,  a  figured  pronunciation  of  the  French. 
The  whole  preceded  by  a  short  treatise  on  the  Sounds  of  the  French  langung^ 
as  compared  with  those  of  English.     In  one  12mo.  volume,  half  bound.  75  cts. 

BOLMAR'S  BOOK  OP  FRENCH  VERBS',  wherein  the  Model  Verbs,  and  seve- 
ral of  the  most  difficult,  are  conjugated  Affirmatively,  Negatively,  Interroga* 
tively,  and  Negatively  and  Interrogatively,  containing  also  numerous  Notes 
and  Directions  on  the  Different  Conjugations,  not  to  be  found  in  any  other  book 
published  for  the  use  of  English  scholars ;  to  which  is  added  a  complete  list  of 
all  the  Irregular  verbs.  In  one  12mo.  volume,  half  bound.  50  cts. 
The  long  and  extended  sale  with  which  these  works  have  been  favoured,  and 

the  constantly  increasing  demand  which  exists  for  them,  renders  unnecessary  any 

explanation  or  recommendation  of  their  merits. 
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HERSCHELL'S    ASTRONOMY. 


OUTLINES    OF    ASTRONOMY. 

BY  SIR  JOHN  F.  W.  HERSCHEL,  Babt.,  F.R.S.,  Ac. 

A  New  AmericaD,  from  tho  Fourth  and  Rerised  London  Edition. 

In  one  handsome  orown  octavo  rolnme,  \rith  Plates  >and  Wood-cuts.     $1.60. 

The  present  work  is  reprinted  from  the  last  London  Edition,  which  was  eare- 
folly  revised  by  the  author,  and  in  which  he  embodies  the  latest  investigations  and 
discoverien.  It  may  therefore  be  regarded  as  fally  on  a  level  with  the  most  ad- 
vanced state  of  tho  science,  and  even  better  adapted  than  it«  predecessors  as  a 
full  and  reliable  text-book  for  advanced  classes. 

A  few  commendatory  notices  are  subjoined,  from  among  a  large  number  with 
which  the  publishers  have  been  favored. 

A  rich  mine  of  all  that  is  most  valuable  in  modem  Astronomy. — Profutor  D.  OlnuUad, 

As  a  work  of  reference  and  study  for  the  more  advanced  pupils,  who  yet  are  not  prepared 
to  avail  themselves  of  the  higher  mathematios,  I  know  of  no  work  to  be  compared  with 
It — Prof.  A.  CaswtUf  Brown  Unitxrnty^  R.  J. 

This  treatiiie  is  too  well  known,  and  too  highly  appreciated  in  the  scientific  world,  to  need 
new  praise.  \  distinguifhlng  merit  in  this,  as  in  the  other  productions  of  the  author,  is, 
that  the  language  in  which  the  profound  reasonings  of  science  are  conveyed  is  so  perspicuous 
that  the  writer's  meaning  can  never  bo  misunderstood.— Prq/l  Samuel  Jonu^  Jeffeiaon 
CoUeffe,  PH. 

I  know  no  treatise  on  Astronomy  comparable  to  "  Horschers  Outlines."  It  is  admirably 
adapted  to  the  necessities  of  the  student,  l^e  have  adopted  it  as  a  toxt>book  in  our  Col- 
lege.—JV»/.  J.  F.  Crocker^  Madison  College,  Pa, 

As  far  as  I  am  able  to  judge,  it  is  the  best  work  of  Its  class  In  any  Ianguage.~^l¥(/.  Jamet 
Curlejff  Georffdown  CoUege. 

It  would  not  become  me  to  speak  of  the  scientific  merits  of  such  a  work  by  such  an  tutJior ; 
but  I  may  be  allowed  to  say,  that  I  most  earnestly  irifih  that  it  might  supersede  every  book 
used  as  a  text-book  on  Astronomy  in  all  our  institutions,  except  perhaps  those  where  it  is 
studied  mathematicaily .—i'rq/!  N.  TitUnghagt^  Bridgewaterj  Mast. 


CHEMICAL    TEXT-BOOK     FOR     STUDENTS. 

New  Edition,  now  ready.    (July,  1859.) 

E  L  E  n  E  N  T  A  rY"  C  H  E  n  I  8  T  R  Y, 

THEOHETIOAL    AND    FRAOTIOAL. 
BY  GEORGE  FOWNES,  Ph.  D.,  Ac. 

With.    NiaxneroTis    Illustrationw. 

From  the  Seventh  Iiondon  Sditlon. 

EDITED  BY  ROBERT  BRIDGES,  M.D. 

In  one  large  royal  12mo.  volume,  containing  600  pages,  clearly  printed  on  small 
type,  with  197  Illustrations  on  Wood.     Cloth,  $1.50 ;  leather,  $1.65 

We  know  of  no  better  text-book,  especially  in  the  difllcult  department  of  Orfranic  Chemistry, 
wpon  which  it  is  particularly  full  and  satisfactory.  We  would  rerommend  It  to  preceptors 
as  a  capital  '*  offloe-book"  for  their  students  who  are  beginners  in  Chemistry.  It  is  copiously 
illnHtrated  with  excellent  wood-cuts,  and  altogether  admirably  "got  jx^."* -^ N.  J.  Mtdical 
JleporUr. 

A  standard  manual,  which  has  lonpt  enjoyed  the  reputation  of  embodying  much  know* 
ledge  in  a  small  space.  The  author  has  achieved  the  difficult  task  of  condensation  with 
masterly  tact.  His  book  in  concise  without  being  dry,  and  brief  without  being  too  dog 
matical  or  general.— FiV^nia  Medical  and  Surgical  Jourrial. 

The  work  of  Dr.  Fowncs  has  long  been  before  the  public,  and  its  merits  have  been  fully 
appreciated  as  the  bent  textbook  on  rbcmiatry  now  in  existence.  We  do-  not,  of  course^ 
plaoo  it  in  a  rank  superior  to  the  works  of  Brande,  Graham,  Turner,  Gregory,  or  Gme!lxi. 
bat  we  say  that,  as  a  work  for  students,  it  is  preferable  to  any  of  them.^London  Journal  vf 
Midicint, 


IS 
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A  HEW  Aim  COMPLETE  CLASSICAL  ATLAS.— (Just  Beady.) 

AN  ATLAS  OF  CLASSICAL  GEOGRAPHY. 

COHSTBDCTED  BT  WILLIAM  IltJGHES,  AKD  EDITED  BY  GEORGE  LONQ. 

With  a  Sketch  of  Ancient  <>eography,  and  other  Additions, 

BT  THE  AKEBICAN  EBITOK. 

Containing  Ji/ty-tiDO  Colored  3fap»  and  Plant,  on  ttoenty-ttoo  large  imperial  quarto 

Platea, 

BBAUTirULLT  BHORAYBD  OM  STEBL,  IN  THE  CLBAREST  A2ID  MOST  riFISHBD  ITTLIL 

WITH  AN  INDEX  OF  PLACES. 

In  one  very  handsome  volume,  strongly  half  bound.     $3.00. 


LIST  OF 

1.  THE  GEOGRAPHY  OF  THE  AN- 
CIENTS.— Thb  World  according  to 
HoHBR  (B.  c.  900).— Thb  World  ac- 
cording TO  Hbcataeus  (about  b.c. 
500).  —  Thb  World  according  to 
Herodotus  (about  b.c.  440). — The 
World  according  to  Debocritus 
(about  B.C.  300). — The  World  ac- 
cording to  Eratosthenes  ani> 
Strabo  (from  about  b.c.  200  to  a.d. 
20). — Western  Europe  according 
TO  Strabo. — The  World  according 
TO  Ptolemy  (about  a.d.  160). — India 

ACCORDING     TO     PTOLBMY.  —  BRITAIN 
ACCORDING  TO   PtOLBUY. 

2.  THE  WORLD  AS  KNOWN  TO 
THB  ANCIENTS,  with  the  Boun- 
dary or  the  Persian  Expire  under 
Cyrus. 

8.  EMPIRE  OF  ALEXANDER  THE 
GREAT,  WITH  THB  adjoining  Re- 
gions. 

4.  THE  PROVINCES  OP  THE  BO- 
MAN  EMPIRE  (a.d.  119). 

6.  BRITANNIA. 

6.  GALLIA. 

7.  HISPANIA. 

8.  ITALIA  (Northern  Part). 

9.  ITALIA  (Southern  Part).— Cor- 
sica AND  Sardinia. 

10.  PLAN  OF  ROME. 

11.  THB  ROMAN  TERRITORY  and 

THE    NEIGHBORING    COUNTRY,    OR    aH 

eDiarged  scale. 

12.  8ICILIA. 

13.  SYRACUSiB.— THB  BAY  OP  NA- 

PLES  and  ADJACENT  PaRT  OP  Cax- 


PLATES. 
PANiA. — The  TWO  Ports  of  Bbub- 

DUSIUV. 

14.  MACEDONIA,  THRACIA,  ILLT- 
ricum,  and  the  protincbs  of  thb 
Middle  and  Lower  Dai^ubb. 

15.  GRAECIA,  INCLUDING  EPIRUS 
AND  THESSALIA,  WITH  PART 
OP  MACEDONIA. 

16.  PART  OF  ATTICA,  WITH  BOEO- 
tIa,  PHOCIS,  LOCRIS,  MEQARIS, 
etc.,  on  an  enlarged  scale. 

17.  PLAN  OF  ATHENS.  — ATHENS 
AND  ITS  HARBORS. 

18.  PELOPONNESUS,  with  Attica 
AND  Part  or  Boeotia. 

19.  THE  COASTS  AND  ISLANDS  0? 
THE  AEGEAN  SEA. 

20.  ASIA  MINOR  AND  THE  NORTH- 
ERN  PART  OF  SYRIA. 

21.  PALAESTINA,  WITH  PART  OF 
SYRIA. — Plan  of  Jerusalem. 

22.  ASSYRIA  AND  THB  ADJACENT 
COUNTRIES. 

23.  MAURITANIA,  NUMIDIA,  AND 
AFRICA. — ^Thb  African  Coast  from 
THE  Syrtis  Minor  to  Egypt. — En- 
larged Plan  or  thb  Carthaginian 
Territory. 

24.  ARABIA  PETRAEA  AND  PART 
OF  EGYPT,  including  the  Dblta. 

25.  GERMANIA  MAGNA,  with  the 
Proyincbs  of  the  Upper  Danube. 

26.  Troja.  —  Thermopylae.  —  Mara- 
thon. —  Plataea.  —  Mantinea.  — 
Leuctra. — Route  of  Xbnopbon.— 

GrANICUS — ISSUS. — ARBBLA. — ThRA 

ciAN  Bosporus. — Alexandria. 


It  will  be  obserred  that,  in  addition  to'  a  rery  thorough  series  of  maps  of  all 
the  countries  known  to  the  ancients,  the  Atlas  contains  a  large  number  of  topo- 
graphical plans,  on  an  enlarged  scale,  of  important  places,  elucidating  in  many 
ways  passages  in  the  classical  writers.  In  this  manner  it  is  believed  that  much 
assistance  will  be  rendered  to  the  student  who  desires  to  obtain  a  dear  ccmpre- 
heneion  of  ancient  history. 
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